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Milk has been described as nature‟s most complete food. However, both the 
traditional and contemporary view of the role of milk has been remarkably 
expanded beyond the horizon of nutritional subsistence of infants. Milk is more 
than a source of nutrients for any neonate of mammalian species, as well as for 
growth of children and nourishment of adult humans. Recent studies have shown 
that milk furnishes a broad range of biologically active compounds protecting 
neonates and adults against pathogens and illnesses, such as immunoglobulins, 
antibacterial peptides, antimicrobial proteins, oligosaccharides and lipids, besides 
many other components at lower concentrations (called “minor” components, but 
with considerable potential benefits).  
Among the many valuable constituents in milk, the high levels of calcium play an 
important role in the development, strength, and density of bones in children and in 
the prevention of osteoporosis in elderly people. Calcium is also beneficial in 
reducing cholesterol absorption, and in controlling body weight and blood pressure 
[1]
.  
Bovine milk is a source of lipids, proteins, amino acids, vitamins and minerals. It 
contains immunoglobulins, hormones, growth factors, cytokines, nucleotides, 
peptides, polyamines, enzymes and other bioactive peptides. The lipids in milk are 
emulsified in globules coated with membranes. The proteins are in colloidal 
dispersions as micelles. The casein micelles occur as colloidal complexes of 
protein and salts, primarily calcium. Lactose and minerals are mainly in solution. 
Bovine milk composition has a dynamic nature, and the composition varies with 
stage of lactation, age, breed, nutrition, energy balance and health status of the 
udder. Milk contains many different types of fatty acids. All these components 
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Milk contains about 33 g total lipid (fat)/L. Triacylglycerols, which account for 
about 95 % of the lipid fraction, are composed of fatty acids of different length (4-
24 C-atoms) and saturation. Each triacylglycerol molecule is built with a fatty acid 
combination giving the molecule a liquid form at body temperature. Other milk 
lipids are diacylglycerol (about 2% of the lipid fraction), cholesterol (less than 
0.5%), phospholipids (about 1%), and free fatty acids (FFA) accounting to less than 
0.5% of total milk lipids. Increased levels of FFA in milk might result in off-
flavours in milk and dairy products, and the free volatile short-chain fatty acids 




1.2.1.1. Saturated fatty acids 
More than half of the milk fatty acids are saturated, accounting to about 19 g/L 
whole milk. The specific health effects of individual fatty acids have been 
extensively studied. Butyric acid (4:0) is a wellknown modulator of gene function, 
and may also play a role in cancer prevention. Caprylic and capric acids (8:0 and 
10:0) may have antiviral activities, and caprylic acid has been reported to delay 
tumour growth. Lauric acid (12:0) may have antiviral and antibacterial functions, 
and might act as an anti caries and anti plaqueagent. Interestingly, Helicobacter 
pylori can be eradicate by this fatty acid. Capric and lauric acid are, moreover 
addressed for inhibition of COX-I and COX-II. Finally, stearic acid (18:0) does not 




1.2.1.2. Unsaturated fatty acids 
Oleic acid is the single unsaturated fatty acid with the highest concentration in milk 
accounting to about 8 g/litre whole milk. Accordingly milk and milk products 
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contribute substantially to the dietary intake of oleic acid in many countries. Oleic 
acid is considered to be favourable for health, since diets with high amounts of this 
monounsaturated fatty acid reduce plasma cholesterol, LDL-cholesterol as well 
triacylglycerol concentrations. Moreover, replacement of saturated fatty acids with 
cis unsaturated fatty acids reduces risk for coronary artery disease. Several studies 
also indicate a cancer protective effect of oleic acid, but the data are not fully 
persuasive. Milk fat is rich in oleic acid (about 25%) containing also a very high 
ratio oleic acid/polyunsaturated fatty acids. A diet rich in milk fat therefore may be 




1.2.1.3.Conjugated linoleic acid (CLA) 
Bovine milk, milk products and bovine meat are the main dietary sources of the 
cis-9, trans-11 isomer of conjugated linoleic acid. In most cases this isomer is the 
most abundant CLA-isomer in bovine milk. Minor amounts of other geometrical 
and positional isomers of CLA also occur in milk, with different biological effects. 
Milk content of cis-9, trans-11 CLA vary considerably, but may constitute about 
0,6% of the fat fraction. The biochemical role of CLA effects in metabolism added 
to its reported anti-proliferative and pro-apoptotic effect on various types of cancer 




1.2.1.4. Trans vaccenic acid  
The main trans 18:1 isomer in milk fat is vaccenic acid, (18:1, trans-11, VA), but 
trans double bounds in position 4 to 16 is also observed in low concentrations in 
milk fat. The amount of VA in milk fat may vary, constituting 1.7%, or 4-6% of the 
total fatty acid content. Typically, the concentration of VA may be about 2-4% 
when the cows are on fresh pasture and about 1-2% on indoor feeding. Normally, 
naturally increase in cis-9, trans-11 CLA in milk also results in increased 
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concentration of VA. VA has a double role in metabolism as it is both a trans fatty 




1.2.2. Phospholipids and glycosphingolipids 
Phospholipids and glycosphingolipids accounts to about 1% of total milk lipids. 
These lipids contain relatively larger quantities of polyunsaturated fatty acids than 
the triacylglycerols. They have different functional roles, such as cations binding, 
emulsions stabilization, enzymatic activity regulation on the globule surface, cell-
cell interactions, differentiation, proliferation, immune recognition, transmembrane 
signaling, hormones receptors and growth factors. Gangliosides are one of these 
components found in milk. Gangliosides (with more than one sialicacid moiety) are 
mainly found in nerve tissues, and they have been demonstrated to play important 





1.3. Minerals, vitamins and antioxidants 
 
Milk contains many minerals, vitamins and antioxidants. The antioxidants have a 
role in prevention of oxidation of the milk, and they may also have protective 
effects in the milk-producing cell and for the udder. Most important antioxidants in 
milk are the mineral selenium and the vitamins E and A. As there are many 
compounds that may have antioxidative function in milk, measurement of total 





The calcium concentration in bovine milk is about 1 g/L. Thus, daily intake of milk 
and milk products has a central role in securing calcium intake. In human nutrition 
adequate calcium intake is essential. Getting enough calcium in the diet gives 
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healthy bones and teeth, and it may also help prevent hypertension, decrease the 






Selenium concentrations in body fluids and tissues are directly related to selenium 
intake. Selenium is important in human health; it has a role in the immune- and 
antioxidant system and in DNA synthesis and repair. Selenium protects against 
many types of cancer 
[11]
. There are evidences about selenium role in asthma 
protection, since low selenium intake usually worsen the asthma symptoms. 
Selenium deficiency has even been linked to adverse mood states. Selenium is also 
a component of enzymes involved in metabolism of thyroid hormone 
[12]
. 
Recommended daily intake of selenium is 55 µg, and the optimal selenium 
concentration in bovine milk may be discussed. If milk contains about 50-100 µg 
selenium/L, it would be a good selenium source. 
 
1.3.3. Iodine 
Iodine is an essential component of the thyroid hormones. These hormones control 
the regulation of body metabolic rate, temperature regulation, reproduction and 
growth. The recommended iodine intake is 150 µg/d for adults. Accordingly, a 
daily intake of 0.5 litres milk with an average content of 160 µg iodine/L meets 
about 50% of the requirement. However, it is important to underline the great 
seasonal variation in iodine content of milk. 
 
1.3.4. Magnesium 
Magnesium is ubiquitous in foods, and milk is a good source, containing about 100 
mg/L milk. Recommended intake is 400 mg/day for men and 310 mg/day for 
women. Magnesium has many functions in the body, participating in more than 
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300 biochemical reactions. Magnesium deficiency has been linked to 





Zinc is an essential part of several enzymes and metalloproteins. Zinc has several 
functions in the body, in DNA repair, cell growth and replication, gene expression, 
protein and lipid metabolism, immune function and hormone activity 
[10]
. Milk is a 
good zinc source; containing about 4 mg/L. Recommended intake is 8 and 11 
mg/day for adult female and male. The bioavailability of zinc is better from milk 
than from vegetable food, and inclusion of milk in the diet may improve total 




1.3.6. Vitamin E 
Vitamin E concentration in milk is about 0,6 mg/L, but may increase 3–4 folds by 
proper feeding regimes. Recommended intake is 15 mg/day 
[10]
. Vitamin E is not a 
single compound; it includes tocoferols and tocotrienols. In whole milk, alpha-
tocopherol is the major form of vitamin E (> 85%); gamma-tocopherol and alpha-
tocotrienol are present to a lesser extent (about 4% each of the total tocoferols and 
tocotrienols fraction) 
[14]
. Observational studies indicate that high dietary intake of 
vitamin E are associated with decreased risk for cancer and coronary heart disease, 
and that vitamin E can stimulate T-cells and increase the immune defence system. 
Milk seems to be a food item favouring absorption and transportation of vitamin E 




1.3.7. Vitamin A 
Milk is a good source of retinoids, containing 280 µg/L. Recommended daily 
intake is 700–900 µg/da. Vitamin A has a role in vision, proper growth, 
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reproduction, immunity, cell differentiation, in maintaining healthy bones as well 





Bovine milk contains 50 µg folate/L. Studies indicate that 5-methyl-
tetrahydrofolate is the major folate form in milk. Recommended intake of folate is 
400 µg/day for adults. Many scientists believe that folate deficiency is the most 
prevalent of all vitamin deficiencies. It is generally accepted that folate 
supplementation (400 µg/day) before conception and during the first weeks of 
pregnancy reduces the risk of neural tube defects. A higher total folate intake was 






Milk is a good source of riboflavin containing 1.83 mg of the vitamin per liter milk 
[10]
. Daily recommended intake is 1.1 and 1.3 mg for women and men, respectively. 
Riboflavin is part of two important coenzymes participating in a numerous 
metabolic pathways in the cell. It has a role in the antioxidant performance of 
glutathione peroxidase and DNA repair via the ribonucleotid reductase pathway. 
 
1.3.10. Vitamin B12 
Milk is also a good source of vitamin B12, being 4.4 µg/L. The daily 
recommendation is 2.4 μg 
[10]
. Vitamin B12 is found only in animal foods, and 
plays a central role in folate and homocysteine metabolism, by transferring methyl 
groups. Vitamin B12 deficiency may cause megaloblasticanaemia and breakdown 
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Bovine milk contains about 32 g protein/L. The milk proteins have a high 
biological value, and milk is therefore a good source for essential amino acids. 
Milk proteins can exert a wide range of physiological activities, including 
enhancement of immune function, defense against pathogenic bacteria, viruses and 
yeasts, and development of the gut and its functions 
[17,18]
. Besides the biologically 
active proteins naturally occurring in milk, a variety of bioactive peptides are 
encrypted within the sequence of milk proteins that are released upon suitable 
hydrolysis of the precursor. A wide range of bioactivities has been reported for 
milk protein components.  
Bovine milk possesses a protein system constituted by two major families of 
proteins: caseins (insoluble) and whey proteins (soluble). Caseins (𝛼S1, 𝛼S2, 𝛽, and 
𝜅) are the predominant phosphoproteins in the milk of ruminants, accounting for 
about 80% of total protein, while the whey proteins, representing approximately 
20% of milk protein fraction, include 𝛽-lactoglobulin, 𝛼-lactalbumin, 
immunoglobulins, bovine serum albumin, bovine lactoferrin, lactoperoxidase and 
other minor components. Different bioactivities have been associated with these 
proteins. In many cases, caseins and whey proteins act as precursors of bioactive 
peptides that are released, in the body, by enzymatic proteolysis during 
gastrointestinal digestion or during food processing. The biologically active 
peptides are of particular interest in food science and nutrition due to their 
physiological roles, including opioid-like features, as well as immunomodulant, 




1.4.1. Whey Proteins 
The liquid part of milk, whey, has traditionally not received the same attention paid 
to source milk, probably because it is a by-product of cheese making, barely 
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considered an additive to animal feeding. Interestingly, Hippocrates already 
commended the health properties of whey in Ancient Greece. During the Middle 
Age, whey was considered not simply a medicine but also even as an aphrodisiac 
potion and a skin balm: it was in fact a regular component of salves and ointments 
to soothe burns, to inspire vitality and to cure various illnesses. Recent decades 
have witnessed an increased interest in whey protein products and their nutritional 
and active role upon human health has been clearly disclosed. 
Whey proteins represent approximately 20% of milk protein fraction and include 
𝛽-lactoglobulin, 𝛼-lactalbumin, immunoglobulins, bovine serum albumin, bovine 
lactoferrin, and lactoperoxidase, together with other minor components.The actual 
concentrations of whey proteins depend onthe type of whey (acid or sweet), the 
source of milk (bovine, caprine or ovine), the time of the year, the type of feed, the 
stage of lactation and the quality of processing.  
 
1.4.1.1. 𝛼-Lactoalbumin 
𝛼-Lactoalbumin (𝛼-LA) is, quantitatively, the second most important protein in 
whey, representing ca. 20% (w/w) of the total whey protein inventory, and is fully 
synthesized in the mammary gland 
[21]
. It contains 123 amino acid residues with a 
molecular weight of 14,175 kDa and isoelectric point between 4.2 and 4.5. In 
aqueous solution, 𝛼-LA has a globular structure stabilized by four disulphide 
bonds, and, actually, three genetic variants (A, B, and C) have already been 
identified. This globular protein consists in a single polypeptide chain with eight 
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1.4.1.2. 𝛽-Lactoglobulin 
𝛽-Lactoglobulin (𝛽-Lg) is quantitatively a noncasein protein in bovine milk (58% 
w/w). It is a small, soluble, and globular protein, but its quaternary structure is pH 
dependant. At pH of 3.0 and above 8.0, 𝛽-Lg is a monomer molecule with a 
molecular weight of 18 kDa, while, at pH between 7.0 and 5.2, it is a stable dimer 
with molecular mass of about 36.7 kDa; at pH between 5.2 and 3.5 it is an octamer 
with molecular mass of 140 kDa. 𝛽- Lg is composed mainly of 𝛽-sheet motifs and 
consists of 162 aminoacid residues 
[23]
. The high nutritional and functional value of 
𝛽-Lg is widely recognized and has made this protein an ingredient of choice in the 




1.4.1.3. Bovine Serum Albumin 
Bovine serum albumin (BSA) is not synthesized in the mammary gland, but 
appears in milk following passive leakage from the blood stream. It contains 582 
aminoacid residues with a molecular weight of 66,267 kDa; it also possesses 17 
intermolecular disulphide bridges and one thiol-group at residue 34 
[22]
. Because of 
its size, BSA can bind to free fatty acids and other lipids as well as flavour 
compounds a feature that is severely hampered upon denaturation. Its heat-induced 
gelation at pH 6.5 is initiated by an intermolecular thiol-disulphide interchange, 
similar to what happens with 𝛽-Lg [25].  
 
1.4.1.4. Lactoferricin 
Lactoferrin (LF-B), an iron-binding glycoprotein with a molecular weight of about 
80 kDa (703 aminoacid), is mainly found in external secretions that include breast 
milk and saliva and in the secretory granules of neutrophils. In addition to its 
antimicrobial effects, it is well known to possess a variety of biological activities, 
like regulation of immune response, cells transcriptional activation and antiviral 
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. The antimicrobial activity of bovine lactoferrin has been attributed 
to the bovine lactoferricin fragment (LfcinB), which, unlike the parental 
glycoprotein, displays no iron-binding capacity. In fact, the LfcinB is considered as 
the active domain responsible for antimicrobial activity of LF-B against a wide 
range of microorganisms. Lactoferricin is a cationic peptide produced by acid 
pepsin hydrolysis of mammalian lactoferrin 
[29]
 and consists of 25 aminoacid 
residues (FKCRRWQWRMKKLGAPSITCVRRAF), including two cysteine 
residues that create a disulfide bond linking the highly positively charged NH2-
terminal and the COOH-terminal regions of the peptide. LfcinB has a high content 
of asymmetrically clustered basic aminoacid residues, giving the peptide a net 





Immunoglobulins (IG) constitute a complex group whose components are produced 
by B-lymphocytes; they significantly contribute to the whey protein content, 
exerting an important immunological function (especially in colostrums). These 
proteins are present in the serum and physiological fluids of all mammals, behaving 
as receptors, when attached to surfaces, as well as antibodies, when released in 
blood and lymph. IG are subject to postnatal transfer via colostrums, as the 
placenta does not permit passage of macromolecules 
[31]
. In terms of quaternary 
structure, IG are either monomers or polymers of a four-chain molecule, consisting 
of two light polypeptide chains (with a molecular weight in the range 25,000 kDa) 
and two heavy chains (with molecular weight of 50,000-70,000 kDa). There are, 
however, three basic classes of IG: IGG, IGA and IGM, although IGG is often sub-
divided into two subclasses: IGG1 and IGG2. Up to 80% (w/w) of all IG in milk or 
whey is represented by IGG 
[21] 
but, qualitatively, the family of IG found in bovine 
whey and colostrums includes IGA and secretory IGA, IGG1, IGG2 and IGG 
fragments, IGM, IGE, J-chain or components, and free secretory components. 
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1.4.1.6. Lactoperoxidase 
Lactoperoxidase (LP) is present in a variety of animal secretions such as tears, 
saliva and milk. It is one of the most abundant enzymes in plain milk, representing 
1% (w/w) of the total protein pool in whey 
[32]
. The complete LP system (i.e. 
enzyme plus substrate) was originally characterized in milk by its activity, 
depending on many factors, e.g. animal species, breed and lactation cycle. Other 
members of the group of oxidoreductases include myeloperoxidase (present in 
neutrophils and monocytes), eosinophil peroxidase and thyroid peroxidase. 
Chemical sequencing unfolded a great degree of homology among them, which 
suggests a close evolutionary relationship for these enzymes. Peroxidases utilize 
hydrogen peroxide to oxidise thiocyanate to hypothiocyanate, and are active in a 





Caseins are currently the main source of milk derived biologically active peptides. 
Different peptides are released from the original sequence of the parent protein by 
enzymatic hydrolysis, during gastrointestinal digestion or cheese ripening. Casein-
derived peptides are considered as highly prominent ingredients for health-
promoting functional foods and pharmaceutical preparations. Casein has been 
considered a valuable amino acid supply source since ancient times. In the latter 
half of the 1970s, a variety of bioactive peptides has been isolated from a digestion 
of casein 
[34]
. Caseins (𝛼S1, 𝛼S2, 𝛽, and 𝜅) are the predominant phosphoproteins in 
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1.4.2.1. 𝛼- and 𝛽-Casomorphins 
𝛽-Casomorphins (𝛽-CMs) are a group of exogenous opioid-like peptides derived 
from the hydrolysis of 𝛽-casein and were first isolated from an enzymatic casein 
digest 
[35]
. Their primary amino acid sequence is NH2-Tyr-Pro-Phe-Pro-Gly-Pro-
Ile-Pro-Asn-Ser-Leu-COOH, located in bovine 𝛽-casein at positions 60–70. It has 
been reported that 𝛽-CMs reach significant level in the stomach because they are 
fairly resistant to proteolysis due to their proline-rich sequence 
[36]
. 𝛼-
Casomorphins (exorphins) have been isolated from peptic hydrolysates of 𝛼-casein 
fractions. In general, their structures differ considerably from those of 𝛽-
casomorphins. Active fractions were shown to be a mixture of two separate 
peptides derived from 𝛼1-casein fragments 90–95 and 90–96 [Arg90-Tyr-Leu-Gly-
Tyr-Leu95-(Glu96)]. The N-terminal arginine residue was also reported to be 
essential for opioid activity. 𝛼- and 𝛽-Casomorphins may be produced by the 
enzymatic action of different proteases released from tumor cells 
[37]
. Indeed, 
Hatzoglou et al. 
[38]
 have shown that five different casomorphins, 𝛼-casein 
fragments 90–95 and 90–96, 𝛽-Casomorphins 7 (BCM7) fragment 60–66, 𝛽- 
Casomorphins 5 (BCM5) fragment 60–64, and the morphiceptin, the amide of 𝛽-




Caseinphosphopeptides (CPPs) are a family of bioactive peptides derived from 
digestion of casein. Their name is due to their high content of phosphorylated sites, 
and they are characterized by the ability to bind and solubilize calcium 
[39]
. This 
property is accounted for their anticancer activity against intestinal tumor HT-29 
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1.5. Aim of work 
 
The main target of my PhD is aimed to the reutilization and valorization of 
potential nutraceutical milk and dairy products derived from the “Centrale del latte 
di Salerno”. The research was focused on the analysis of bio-macromolecules 
recovered in by-products and waste derived from milk industry, by means of 
powerful analytical tools such as newly designed liquid chromatography platforms 
(monolithic columns and comprehensive two-dimensional liquid chromatography). 
In this regard, several matrices were considered. In particular, commercial milk 
samples stored at room temperature after expiration date were analyzed, in order to 
study the degradation of the protein fraction and identify biologically active 
peptides, potentially useful for the production of innovative value-added products 
and, simultaneously, reduce the amount of food waste and its environmental 
impact. Collected results showed how these techniques are the best strategies to 
identify and characterize new bioactive molecules, capable of modulating basal 
human physiological processes, that can be included in functional food and 
nutraceuticals. 
 
1.6. Monolithic stationary phases 
 
Whereas one of the main objectives of the analytical chemistry is to speed up the 
analysis; in order to fulfill these objectives without using extremely high pressures, 
monolithic stationary phases have been developed (Figure 1.1.). The term 
„„monolith‟‟ refers to unibody structures, which consist of one single piece of 
porous material composed of interconnected repeating cells or channels 
[41]
. The 
major advantage of monolithic supports is the fast mass transport between the 
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Figure 1.1. Comparison between monolithic (left) and packed stationary phases (right). 
 
The porous rod fills totally the cylindrical volume of the column and possesses 
interconnected skeletons (diameter about 1.5-2.0 μm) and interconnected flow 




Figure 1.2. SEM-image of the porous structure of a typical monolithic silica column (A), 
enlarged view of the entrance to a macropore or throughpore (B) and mesoporous 
structure of the skeleton (C). 
 
A monolithic column with small-sized skeletons and large through-pores can 
reduce the diffusion path length and flow resistance compared to a particle-packed 
column.  
It is evident that a support structure which has a large (through-pore size)/(skeleton 
size) ratio, unattainable with a particle-packed column, can provide both high 
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permeability and high column efficiency. A wide range of monolithic columns, 
either capillary-sized or larger-sized, have been reported. 
Depending on the nature of the monolithic support we can distinguish two major 
types of monoliths: organic polymer-based monoliths and silica-based monoliths 
[44]
. 
Initially, monolithic columns were prepared from organic polymer-gel materials; 
high-speed separations of polypeptides and proteins were performed with these 
supports, but relatively low efficiency for small solutes compared with particles-
packed columns was evidenced due to the presence of micropores in the polymer-
gel structure. Moreover, at the presence of organic solvents, these early monoliths 
tend to swell and contract, thus causing dramatic effects for the efficiency of the 
separation and peak symmetry 
[45]
. Monolithic silica columns, prepared by using a 
sol-gel process, have shown lower pressure drop and higher efficiency than 
particle-packed columns.  
The advantage of this type of column consists of a high-speed separation of both 
small and large molecules This is allowed by a porosity up to 80%, which 
corresponds to 15% higher permeability than particle-packed columns. 
Another advantage is the possibility to perform analyses with very high efficiency 
even at very high flow rates. This is due to the porous structure minimizing back 
pressures. 
The efficiency of the separation of these columns does not significantly decrease 
when the flow rate is increased as it happens for the conventional particle-packed 
columns. This is clear looking at Figure 1.3., showing the van Deemter curve, 
obtained by plotting the height of the theoretical plate versus the linear velocity 
[46-
48]
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Figure 1.3. Comparison of the efficiency of particle-packed and monolithic columns. 
 
Moreover, high flow rate (10 mL/min) are allowed with monoliths, leading to a 
reduced analysis time up to 70%. In the case of gradient analysis, the re-
conditioning time between two analyses is also reduced. 
However, the main drawback of using monolithic columns is their preparation, 
strongly limited by the length of the column. A straight monolithic column longer 
than 15 cm cannot be prepared without drawbacks 
[49,50]
. Therefore, the monolithic 
silica columns (4-6 mm I.D.) for conventional HPLC are prepared in a mold 
capable of providing high-speed separation, leading to a reduction of the maximum 
number of theoretical plates The generation of a larger number of theoretical plates 
requires the use of a series of connected columns. 
 
1.6.1. Preparation techniques for organic monolithic columns 
The preparation of organic monolithic stationary phases for chromatographic 
columns is accomplished through an “in situ” heat- or γ-rays-induced process. 
Polymerization mixtures consist of acrylic monomers, cross-linker and porogens. 
Before undertaking the polymerization process a step of pretreatment of the 
capillary must be necessarily carried out, in order to homogeneously distribute the 
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monolith within the capillary. The synthesis of the monolithic support includes a 
series of very important steps which are listed below:  
 Activation of the inner wall of the capillary through the step of “Etching” 
silanating “New Tentacle Type” and polymerization “Grafting on to”. 
 Filling of the capillaries with the polymerization mixture formed by the 
various components mixed in the right proportions. 
 Polymerization by irradiation with γ-rays. 
 Capillaries drying for uncured monomers and porogens removal. 
 
1.6.1.1. Activation of capillary 
The pretreatment of the capillary provides three distinct phases: 
 
 “Etching”: 
Transformation of siloxane groups present on the surface of the capillary in 
silanol groups (Figure 1.4.). Cifuentes et al. 
[51] 
proved that etching of 
columns with NaOH followed by leaching with HCl gives more 
reproducible surface treatment. 
 
 
Figure 1.4. Activation of inner wall surface of fused silica capillary. 
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 Silanating step“Tentacle type” 
The capillary surface is usually modified with a bi-functional silanizing 
reagent such as vinyl silane, acrylate silane or methacrylate silane. The most 
common reagent used is 3-(trimethoxysilyl)propyl methacrylate (Figure 
1.5.). This step allows the immobilization of the monolithic polymer on the 
inner wall of the capillary. 
 
 
Figure 1.5. Reaction scheme of silanating “Tentacle type”. 
 
 Polymerization phase “Grafting-on-to” 
In this last phase of pre-treatment a solution of methacrylic anhydride is 
used in order to create a high number of unsaturated groups on which the 
polymerization process relies (Figure 1.6.). 
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Figure 1.6. Reaction scheme of derivatization “Grafting-on-to”. 
 
 
1.6.1.2. Thermally and radiation polymerization 
In case the polymerization is carried out through the use of heat (thermal 
polymerization), a compound (“photoinitiator” radical) is added to the 
polymerization mixture. 
Azobisisobutyronitrile (AIBN) is quite popular. It decomposes while irradiated at 
365 nm to afford free radicals 
[52-54]
. Figure 1.7. shows the decomposition process 








Figure 1.7. Decomposition reaction of azobisisobutyronitrile. 
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Thermally initiated free radical polymerization was the first method used for the 
preparation of rigid polymer-based monolith 
[58-60]
. This process is very simple and 
its origin can be traced down to techniques typically applied in the preparation of 
porous beads by using suspension polymerization. This type of polymerization is 
generally treated in the literature as a “clone” of bulk polymerization in which each 
droplet of the dispersed phase containing monomer is an individual bulk reactor. 
Polymerizations initiated using high energy radiation such as γ-rays or electron 
beam belong to the group of “exotic” approaches to monoliths. 
The major advantages of this method are no need for an initiator and thus absence 
of any functional groups at the chain ends, wide range of operating temperatures 
and wide choice of materials for containers, including stainless steel tubes. 
The polymerization process triggered by γ rays allows a better distribution of the 
cross-linked structure for the entire length of the capillary, as is evident in Figure 
1.8. in which a monolithic stationary phase obtained by a process of thermal 
polymerization is compared with a stationary phase obtained by polymerisation 
radiation. SEM images show that the monolith obtained by radical polymerization 




Figure 1.8. Comparison between monolithic polimer obtained by radiation (left) and 
thermally (right) polymerization. 
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This is why the photoinitiated monoliths exhibits about twice back pressure, thus 
indicating a difference in the porous structure (Figure 1.9.). 
 
 
Figure 1.9. Comparison between monolithic columns obtained by radiation (left) and 
thermally (right) polymerization. 1: Uracil; 2: Benzaldehyde; 3: Nitrobenzene; 4: 
Ethylbenzene; 5: Butylbenzene. 
 
Although use of gamma rays can provide secondary compounds, this process 
remains more advantageous than thermal polymerization. Pore size control by 
irradiation rate, lower operating temperatures and resulting freedom in low boiling 
solvents choice represent the main advantages of the technique. 
 
1.6.2. Monomers  
Various functional monomers can be applied in preparation of monoliths. Glycidyl 
methacrylate with a highly reactive epoxy ring is the most frequently used in the 
synthesis of methacrylate ester-based monoliths 
[61]
. However, the effects of other 
methacrylate monomers on separation properties of monolithic columns, such as 
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, C4-, C12-, C18-, and isobornyl- methacrylate monomers 
[65]
 has been investigated for the preparation monolithic stationary phases with 
modulated hydrophobicities. The column prepared with C12 alkylmethacrylate 
functional monomer has shown the highest efficiency; however, the C18-
methacrylate monolithic column provided better permeability 
[66]
. The column 
based on the lauryl methacrylate (LMA) monomer provided the best separation of 
peptidic fragments containing less than 20 amino acids in tryptic digests of 
cytochrome C 
[67]
. Butyl methacrylate (BMA) and 2-hydroxy ethyl methacrylate 
monomers were polymerized with 1,3-butanediol dimethacrylate cross-linker to 
produce hydrophobic monoliths for proteins chromatographic separation 
[68]
. 
The styrene–divinylbenzene co-polymer monolithic stationary phases generally 
show lower polarity than their polymethacrylate counterparts. Their hydrophobicity 
can be tuned by adding a methacrylate to the polymerization mixture. Addition of 
methacrylic acid in the polymerization mixture significantly improves the surface 
area of prepared monoliths up to 261 m
2
/g in comparison to 0.1 m
2
/g for the 
material prepared in absence of methacrylic acid. In this way increased resolution 
for small aromatic compounds was attained 
[69]
. Incorporation of a methacrylate 
monomer to the polymerization mixture for preparation of poly(divinylbenzene-
alkyl methacrylate) monolithic columns improved peak symmetry with respect to 
poly-(styrene-co-divinylbenzene) columns 
[70,71]
 and decreased the retention of 
aromatic compounds, probably because of decreased π–π interactions in presence 
of long hydrophobic alkyl moieties in the monolithic structure 
[72]
. 
Another approach tested for tuning the polarity of monolithic stationary phases was 
mixing two different monomers in the polymerization mixture. Partial substitution 
(25%) of BMA by LMA produced columns with enhanced retention of neutral 
analytes, while the replacement of larger percentages (75%) resulted in columns 
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In spite of numerous reports on variation of properties of monolithic columns by 
varying the chemistry of functional monomers in the polymerization mixture, to the 
best of our knowledge the effects of hydrophobicity and other properties of 
functional monomers on the separation of small compounds and large biopolymers 
on monolithic stationary phases have not been systematically compared so far.  
 
1.6.3. Porogens 
The choice of pore-forming solvent or porogen is a key tool that may be used for 
the control of porous properties without changing the chemical composition of the 
final polymer. In general, larger pores are obtained using more macroporogen due 
to an earlier onset of phase separation. The porogenic solvent controls the porous 
properties of the monolith through the solvation of the polymer chains in the 
reaction medium during the early stages of the polymerization 
[74,75]
. Infact, the 
space originally occupied by porogens contributes to the formation of pores inside 
monolith phase. During the polymerization step the solvent molecules are 
incorporated within the polymer and then be removed by washing, thereby leaving 
a series of interconnected channels between them which will represent the 
“chromatographic bed”. 
 
1.6.4. Crosslinking monomer  
The porosity and the retentivity of the (poly)-methacrylate monolithic stationary 
phase can be changed by employing different alkyl dimethacrylate cross-linkers 
with various alkyl chain lengths between the two methacrylate units. Using 2-
methyl-1,8-octanediol dimethacrylate as the cross-linker increased the proportion 
of mesopores in the final monolith, in comparison to the ethylene dimethacrylate 
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Differently by temperature and porogenic solvent that modify only the porous 
properties of the resulting material, leaving unchanged its composition, variations 
in the monovinyl/divinyl monomer ratio also lead to materials with different 
compositions. A higher content of divinyl monomer implies in a direct manner a 
greater formation of more crosslinked polymers in the early stages of the 
polymerization process and therefore lead to earlier phase separation. Although this 
is similar to the effect of poor solvent, the nuclei are more crosslinked and since 
this crosslinking negatively affects their swelling with the monomers, they remain 
relatively small in size. The pre-globules can still capture the nuclei generated 
during the later stages of polymerization, but true coalescence does not occur. 
Since the final macroporous structure that results consists of smaller globules, it 
also has smaller voids. Thus, this approach is useful for the preparation of 
monoliths with very large surface areas 
[74,77]
. 
Core-shell particles have a solid core surrounded by a porous outer layer, enabling 
the mobile phase to penetrate only the shell and not the core. Since larger particles 
are used, core-shell particles lead to reduced backpressure of the column in 
comparison to columns packed with porous particles. The porous layer structure, 
the larger diameter of core-shell particles and the open macropore structure of 
monolithic columns permit rapid separation of analytes at reasonable back 
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Particle packed columns 
Particle 
diameter 
      
5 µm 83,000 12.0 2.7 899 psi at 0.088 cm/s 33 cm × 50 µm I.D. [78] 
3 µm 110,000 9.1 0.9 Constant pressure of 200 
kg/cm2 
100 cm × 200 µm I.D. [79] 
1.5 µm 209,000 2.4 0.2 23,000 psi at 0.145 cm/s 49.3 × 30 µm I.D. [80] 





      
3.1 µm 186,000 5.4 1.4 377 psi at 2.0 mm/s 14.5 cm × 100 µm I.D. [82] 
2.6 µm 200,000 5.0 1.4 537 psi at 2.0 mm/s 15 cm × 100 µm I.D. [82] 





      
N.A. 48,000 20.5 11.5 1740 psi at 6.4 mm/s 8 cm × 200 µm I.D. [83] 
N.A. 60,000 16.6 7.9 700 psi at 1.1 mm/s 16 cm × 75 µm I.D. [84] 
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1.7. Comprehensive HPLC 
 
Comprehensive two-dimensional liquid chromatography was at first introduced by 
Erni and Frei in 1978 
[85]
, followed by Bushey and Jorgenson 
[86]
. 




 All components in a sample mixture are subjected to two separations in 
which their displacement depends on different factors. 
 Equal percentages (either 100% or lower) of all sample components pass 
through both columns and eventually reach the detector. 
 Any two components separated in the first dimension must remain 
separated in the second dimension. 
 The elution profiles from both dimensions are preserved. 
 
A typical comprehensive two-dimensional HPLC separation is attained through the 
connection of two columns by means of an interface (usually a high pressure 
switching valve), which entraps specific quantities of first dimension eluate, and 
directs them onto a secondary column. This means that the first column effluent is 
divided into “cuts” which are transferred continuously to the second dimension by 
the interface. The type of interface depends on the methods used, although 
multiport valve arrangements have been the most frequently used. 
Various comprehensive HPLC systems have been developed and proven to be 
effective both for the separation of complex sample components and in the 
resolution of a number of practical problems. In fact, the very different selectivities 
of the various LC modes enable the analysis of complex mixtures with minimal 
sample preparation. However, comprehensive HPLC techniques are complicated 
by the operational aspects of switching effectively from one operation step to 
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another, by data acquisition and interpretation issues. Therefore careful method 
optimization and several related practical aspects should be considered. 
Since the introduction of two-dimensional chromatographic techniques, it has 
become clear that each separation step should ideally provide different selectivities 
as this maximizes the gain in peak capacity and hence the number of 
chromatographically resolvable components 
[85,89-91]
. The complete reversal of 
component elution orders can be observed, for example, when normal- and 
reversed phase separations of non-homologous components are compared. 
Because the system maintains its effectiveness it is necessary that the separation in 
both dimensions is controlled by parameters that are relatively independent 
characterizing each component peak emerging from a secondary column, the first 
identified by the position in the sequence of cuts from the first column and the 
second measured by the retention time in the secondary column. However, if the 
cut from the primary column is very broad (large Δtr), then the component peaks 
emerging from the secondary column will have considerable uncertainty in the 
retention time for their migration through the primary column. The greater the 
“cut”, the greater the degradation of the quality of information relative to each 
component‟s identity. 
Broader cuts also incorporate more components and increase the likelihood of 
interference in subsequent separation steps. It is therefore clear that the separation 
of the components will improve with decreasing Δtr. Murphy and co-workers have 
stated that to obtain a high 2D resolution, each peak in the first dimension should 
be sampled at least three-four times 
[92]
. A modulation process is illustrated in 
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Figure 1.10. Non-modulated peak α (a) and peak α modulated 5 times (b). 
 
The effectiveness of a two-dimensional separation, where a first dimension peak is 
unravelled in 3 compounds (α, β and γ), is illustrated in Figure 1.11. In this case the 




Figure 1.11. Effects of modulation on 3 co-eluting peaks. 
 
 
For quantitation, the areas of all peaks relative to the same compound must be 
summed, as illustrated in Figure 1.12. 
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Figure 1.12. Quantitative procedure in LC × LC. 
 
With regards to comprehensive LC data elaboration, the acquired data is commonly 
elaborated with dedicated software which constructs a matrix with rows 
corresponding to the duration of the 2nd dimension analysis and data columns 
covering all successive second dimension chromatograms. The result is a 
bidimensional contour plot, where each component is represented as an ellipse 
shaped peak, defined by double-axis retention time coordinates. 
In fact, when create a three-dimensional chromatogram is created a third axis in the 
means of relative intensity is added. The color and dimension of each peak is 
related to the quantity of each compound present in the sample. Figure 1.13. 
provides an example of the colour-range from minimum to maximum intensity 
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Figure 1.13. Peak intensity colour-scale for comprehensive HPLC analyses. 
 
 





Figure 1.14. Data elaboration in comprehensive two-dimensional HPLC: (A) 1D non-
modulated peak; (B) modulated 2D peaks; (C) fractions of modulated peaks, analyzed in 2 
dimensions; (D) bidimensional data visualization (color); (E) bidimensional data 
visualization (grayscale); (F) three-dimensional visualization. 
 
In the context of a two-dimensional system on-line coupling of two columns can be 
made in different ways, however, there are two main types of comprehensive 2D-
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LC set-ups most used. The most common approach involves the use of a micro-
bore LC column in the first and a conventional column (fast separation) in the 
second dimension. In this case, an 8-, 10- or 12-port valve equipped with two 
sample loops (or trapping columns) is used as an interface. In Figure 1.15. the 




Figure 1.15. 10-port two-position switching valve. 
 
The principle on which is based the operation of this system is that the loops or 
trapping columns in the valve are filled alternately with the effluent of the first 
column and then a second pump forces the loop material onto a second column. 
The loop volume usually corresponds to the mobile phase quantity per modulation 
time eluting from the 1
st
 D column. 
The combination of a microbore column in the first dimension and a conventional 
column in the second dimension, connected by a multiport switching valve 
equipped with two sample loops, has been used for the comprehensive two-
dimensional chromatography of proteins by Jorgenson and co-workers 
[86,93]
, of 
synthetic polymers by Schoenmakers 
[94]
 and of the oxygen heterocyclic fraction of 
cold-pressed citrus oils by Dugo et. al. 
[95]
. A similar approach, based on the use of 
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The second approach foresees the use of a conventional LC column in the first and 
two conventional columns in the second dimension. One or two valves that allow 
transfers from the first column to two parallel secondary columns (without the use 
of storage loops) are used as interface. When a conventional column is used as a 
first-dimensional column, a different LC/LC interface has been developed, using 
two fast secondary columns in parallel rather than storage loops. 
With this kind of interface, the mobile phase from the first column should have a 
very low strength so that analytes can be trapped at the head of the secondary 
columns during the loading step. Such a system has been used by Opiteck et al. 
[97]
 
Wagner et al. 
[98]
 and Unger et al. 
[99]
 for the analysis of peptides and proteins. In 
most of the previously cited works, size-exclusion chromatography or ion exchange 
chromatography is used in one of the two dimensions, while reversed-phase LC is 
normally used in the other one. 
Recently, a simple, automated 2D-LC system equipped with an electronically 
controlled, 12-port valve has been used for the analysis of aromatic amines and 
non-amines, operating both dimensions under comparable reversed-phase 
conditions 
[100]
. In this case, the orthogonal separation was achieved by tuning the 
operating parameters, such as mobile-phase strength, temperature, and buffer 
strength, in conjunction with column selectivity. 
The interfacing of normal-phase and reversed-phase systems is particularly 
difficult, due to the mobile phase immiscibility. The combination of normal (silica) 
and reversed (C18) phase HPLC in a comprehensive 2D-LC system was used for 
the analysis of alcohol ethoxylates 
[101]
; the normal phase separation was run using 
aqueous solvents, so the mobile phases used in the two dimensions were miscible, 
resulting in the easy injection of the entire first-dimension effluent onto the second-
dimension column. First fully comprehensive coupling of NP (Normal Phase) and 
RP (Reverse Phase), overcoming the difficulties related to solvents immiscibility, 
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was developed by Dugo et. al for the analyses of oxygen heterocyclic components 




1.7.1. Optimization of the LC × LC method 
The complexity of LC × LC experiments regards greater attention for method 
development. In the experimental set-up, column dimensions and stationary phases, 
particle sizes, mobile phase compositions and flow-rates and second dimension 
injection volumes should be carefully defined in order to accomplish successful 
separations. The main challenges are related to the efficient coupling of columns 
and the preservation of mobile phase/column compatibility. 
As aforementioned, the best results can be obtained when using two separation 
modes with totally different selectivities (orthogonal system). Through 
orthogonality, cross-information or synentropy existing between the two 
dimensions is minimized, resulting in maximum peak capacity and hence, high 
resolution 
[86,102]
. Minimizing synentropy maximizes the efficiency and the 
information content, generating a key for complex sample analysis 
[100]
. Of all LC × 




1.7.1.1. Optimization of the first dimension and mobile phase incompatibility 
In comprehensive LC, the selection of the mobile phases is of primary importance. 
The combination of two very different LC modes, can be hard since the eluent from 
the first separation dimension may not be compatible with the eluent of the second 
dimension. If a large volume of an incompatible eluent is transferred from the first 
to the secondary column, broadened and distorted peaks can be obtained and the 
solvent plug from the first chromatographic dimension can considerably alter the 
selectivity of the second dimension. If solvent incompatibility is unavoidable, the 
first dimension eluate isolation and suitable solvent changeover can be performed. 
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However, this can be complicated by the need of extra equipment, increased 
maintenance and, thus, longer sample treatment time. An alternative way is to use a 





 the small column I.D. helps to ensure a minimum of dilution and provides 
flow rates that are compatible with the sample volume for the secondary 
column; 
 the dead volumes of the system are minimized; 
 there is no need for a preconcentration step at the head of the secondary 
column. 
 
The low flow rate in the microbore column ensures sample volumes compatible 
with the secondary conventional column and permits the injection of a small 
volume onto the secondary column, making the transfer of incompatible solvents 
possible without peak shape deterioration or resolution losses 
[95,105]
. 
The possible disadvantage could be the lower sample capacity of microbore LC 
columns. However, in LC × LC, a sensitivity enhancement can be obtained, if the 
formation of compressed solute bands at the head of the secondary column is 
achieved during the transfer from the first to the second dimension. In the case of a 
large injection volume, if the LC microcolumn is used as a highly efficient 
preseparation step, a limited decrease in efficiency due to a large injection volume 
can be tolerated. 
Other drawbacks which may occur, are system peaks which originate from the 
solvent incompatibility, hence reducing the available chromatographic separation 
space in the second dimension, and the appearance of a solvent bump, due to the 
poor mixing of the solvents in the sample loop 
[105]
. These factors can be accounted 
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for if a blank run is performed and the 2D contour plot can be constructed after 
background subtraction. 
 
1.7.1.2. Peak focusing at the head of the secondary column 
Distortion and multiplication of peaks may occur when an injected sample is 
dissolved in a solvent which is significantly stronger than the mobile phase 
[106]
. 
The mobile phase used in the 1
st
 D NP-LC separation is always stronger than then 
mobile phase at the head of the RP-secondary column and, therefore, peak 
distortion may occur. It is important that the solvents enable the trapping of 
analytes at the head of the 2nd D column. This can be achieved by selecting an 
“weak” first dimension solvent, or by initializing the 2nd D separation with a 
solvent of low strength. In this way the analytes in the 2nd column will be 
compressed in a narrow band. 
 
1.7.1.3. Optimization of the second dimension analysis time 
In LC × LC separations the total analysis time is the product of the second 
dimension analysis time and the total number of fractions injected onto the 
secondary column. Hence the primary limitation to the speed of the total analysis is 
the time of each 2nd D separation and it is obvious that fast analysis is required in 
the second dimension. When optimizing a 2D separation, it is fundamental that the 
sample fraction from the 1
st
D must be eluted before the next aliquot is injected onto 
the 2nd D column, thus avoiding wrap-around (peaks with retention times that 
exceed the modulation period); hence the sampling frequency depends on the 
retention time range of most and least retained components in the 2nd D. 
Consequently, the most retained component must elute before the least retained 
component in the next second dimension separation. This may be difficult to attain 
when the differences in polarity and hydrophobicity of the components present in 
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the matrix are very large. In this case, isocratic conditions for rapid separations are 
insufficient and gradient elution should be preferred for 2nd D separations. 
Murphy et al. 
[92]
 have demonstrated how changing the number of fractions 
collected across the width of a 1
st
 D peak can affect resolution in two-dimensional 
separations, concluding that at least 3 (when the sampling is in phase) or 4 (if the 
sampling is maximally out of phase) fractions must be taken across the width of 
each 1st D peak, to avoid serious loss of information in the 2D separation due to 
under-sampling of 1
st
 D peaks. This consideration further emphasizes the need for 
very fast second dimension separations in 2DLC. Moreover, short analysis times 
may be necessary if biological or other unstable samples degrade or change with 
time. 
The high permeability and good mass-transfer characteristics of monolithic 
stationary phases make them ideally suited for use in the second dimension. In fact, 
the use of monolithic columns permits to work at high flow rates without loss of 
resolution, thus reducing the 2nd D analysis time. Moreover, successive gradient 
cycles with a very brief equilibration time can be performed. On the other hand, 
conventional short columns packed with 3.5 μm particles offer quite a good 
alternative: their efficiency versus velocity plots are flat and they can be operated at 
high flow rates. 
Another possibility to speed up the 2D analysis time is to use high temperatures, as 
described by Stoll and co-workers 
[107]
: the decreased viscosity of the eluent 
allowed a much higher linear velocity. 
Sensitivity and dilution factors are important issues which must be considered from 
the point of view of analyte detectability. When more than one separation 
dimensions is utilized, a larger overall dilution of the original injected sample will 
occur. This has to be considered and samples with higher concentrations have to be 
injected into the 2D system. 
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Abstract 
Caseins are phosphoproteins kept together by non-covalent interactions to form a 
highly stabilized dispersion in milk. This study intended to evaluate the different 
effects of denaturing solvents and solutions on caseins in order to optimize the 
chromatographic resolution for a better identification of individual casein fractions. 
The caseins were obtained from bovine skimmed milks by precipitation at pH 4.3, 
and the proteins were dissolved in water and three different solutions. The casein 
separation was performed by reversed-phase high-performance liquid 
chromatography. Each casein was identified by matrix-assisted laser desorption 
ionization-time-of-flight mass spectrometry. The best result was achieved by 
treating the caseins with solution D. 
 
Keywords 
Bovine milk, caseins, denaturation, chromatography, mass spectrometry.  
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Centrale del Latte di Salerno, CdLdS; High-Performance Liquid Chromatography, 
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Caseins (S1, S2, β, and κ) are the predominant phosphoproteins in the milk of 
ruminants, accounting for about 80% of total protein, and play an important 
nutritional role since they are rich in essential amino acids. The heterogeneity of 
these proteins depends on multiple factors, mainly genetics, environment and 
breeding strategies, which represent the most prominent sources of variability in 
the milk protein content 
[1-3]
. The quantitative relationships between caseins and the 
sources of their variability represent an issue of crucial importance in the dairy 
industry as the natural variations in milk protein concentration can markedly affect 
the yield of the cheesemaking processes, thus causing a direct and significant 
economic impact on the producers. A wide number of methods have been 
developed to identify and quantify milk proteins with special regard to caseins; 
many of these methods rely on spectroscopic 
[4,5]
 and chromatographic techniques 
[6,7]
. The latter, in particular, provide high accuracy and precision, allow isolation of 
the single casein fractions 
[7-10]
, and are more commonly coupled with other 
techniques such as mass spectrometry for finer analysis 
[11]
. A major restrain 
limiting the wide application of chromatography to real-time process control, 
however, is constituted by the sample preparation steps, usually represented by pre-
fractionation procedures like acid precipitation or solvent extraction, which affect 
the result reliability and are quite time-consuming 
[12]
. 
Caseins are phosphate-containing proteins that occur as micelles in the native form 
which are held together by non-covalent interactions and appear as a highly 
stabilized dispersion in milk 
[13]
.  
Calcium also plays a important role in the formation of micelles. Calcium is 
associated with the micelle as a combination of the micellar calcium (directly 
bound to caseins via their phosphorylated residues) and colloidal calcium 
(associated with the micelle but not directly bound to the casein polypeptide) 
[14]
.  
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There are several evidences about the role of the carboxyl groups of glutamate and 
aspartate residues at phosphate clusters as additional binding sites for calcium ions, 
since measured calcium concentration is usually higher than predicted form the 
number of phosphate groups within a molecule 
[15]
. Holt delineated the casein 
micelle as a tangled web of flexible casein networks forming a gel-like structure 
with micro-granules of colloidal calcium phosphate through the casein phosphate 
center, and the C-terminal region of κ-casein extends to form a hairy layer. The two 
main features of this model are the cementing role of colloidal calcium phosphate 
and the surface location of hairy layer of κ-casein. Numerous models for the 
structure of casein micelles have been proposed in the past three decades. Recently 
the dual bonding model of Horne 
[16]
, which fits into the category of internal 
structure models, was proposed. This model suggests that the proteins in casein 
micelles are bound together by a balanced contribution of the attractive 
hydrophobic interactions and the electrostatic repulsions. Hydrophobic interaction 
is the driving force for the formation of casein micelles, while electrostatic 
repulsions are limiting the growth of polymers or, in other words, defining the 
degree of polymerization. The conformation of αS1- and β-caseins when they are 
adsorbed at hydrophobic interfaces form a train-loop-train and a tail-train structure 
respectively and both caseins polymerize or self-associate, by hydrophobic 
interactions, as shown in Figure 2.1.A. Accordingly, the self-association of caseins 
makes it possible for polymerization to occur. Calcium phosphate nanoclusters, or 
CCP, are considered to be one of the linkages between casein micelles and 
neutralizing agents of the negative charge of the phosphoserine residues by binding 
to those residues; consequently, electrostatic repulsion is reduced, and the 
hydrophobic interaction between caseins is still dominant, resulting in increased 
proteins associations 
[17]
. Unlike other caseins, κ-caseins can only interact 
hydrophobically and acts as a propagation terminator, due to lack of phosphoserine 
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cluster, for calcium binding, and of hydrophobic region, for chain eongation. The 
dual bonding model for the casein micelle structure is shown in Figure 2.1.B. 
 
 
Figure 2.1. (a) The nanocluster model for casein micelles. Casein monomers are thread-
like, while the dark circles represent calcium phosphate nanoclusters. (b) The model of 
Horne – dual bonding model of casein micelles using casein monomers as indicated. 
Protein-protein interactions occur between hydrophobic regions (rectangular bars) while 
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2.1.1. Aim of work 
The main goal of this work was to study the different effects of denaturing solvents 
and solutions on the structural conformation of caseins in order to optimize the 
chromatographic resolution for a better identification of its individual fractions. 
 
2.2. Materials and methods 
 
2.2.1. Reagents and standards 
All chemicals and reagents were analytical-reagent or HPLC grade. Purified αS- 
(85%), β- (90%) and κ- (80%) casein fractions, 3,5-dimethoxy-4-hydroxycinnamic 
acid (99%), water, acetonitrile, ethanol, acetone, sodium citrate and 2-
mercaptoethanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tris-
HCl buffer was purchased from Lonza (Rockland, ME, USA). Acetic acid (glacial) 
was purchased from Carlo Erba (Milano, Italy). Trifluoroacetic acid was purchased 
from Iris Biotech GmbH (Marktredwitz, Germany). Urea was purchased from 
AppliChem GmbH (Darmstadt, Germany). 
 
2.2.2. Sampling and sample preparation 
Commercial samples of whole bovine milk from Centrale del Latte di Salerno 
(Salerno, Campania, Italy) were analyzed; samples were preserved frozen at -20 °C 
until analysis. Prior to analysis, samples were thawed overnight at room 
temperature: skimmed milks were prepared by separating the fat from whole milks 
by centrifugation at 4000 × g for 15 min at 4 °C. The caseins were obtained from 
skimmed milks by precipitation at pH 4.3 (20 °C) by the addition of acetic acid 
(10% v/v). The acidified milks were centrifuged for 15 min at 3000 × g (20 °C) to 
recover precipitated caseins. Caseins were dispersed in ethanol, precipitated again 
and centrifuged for 10 min at 3000 × g (20 °C). In order to eliminate the residual 
fat, caseins were washed with acetone and left to dry in a fume hood at room 
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temperature. The powder thus obtained was dissolved in a mixture of water and 
acetonitrile (70:30 v/v). The solution was filtered through a 0.45 µm pore cellulose 
membrane; subsequently, a 10 mL aliquot of the solution was lyophilized for 24 h. 




A 10 mg aliquot of purified proteins was dissolved in: water (solution A); 8 M urea 
in water/acetonitrile (70:30 v/v) (solution B); 0.3% (v/v) β-mercaptoethanol in 
water/acetonitrile (70:30 v/v) (solution C); 8 M urea in 165 mM Tris-HCl, 44 mM 
sodium citrate and 0.3% β-mercaptoethanol (solution D). Prior to the addition of 
caseins, solutions B, C and D were incubated for one hour at room temperature. 
Then, caseins were dissolved until there was no noticeable foaming production.  
 
2.2.3. HPLC separation 
The chromatographic system used to perform the analyses consisted of a LC-20 AT 
pump (Shimadzu, Milan, Italy), a manual injector model P/N 7725i (Rheodyne, 
Cotati, CA, USA), equipped with a 20 µL loop, and a model UV/VIS SPD-20A 
detector; it was operated by means of the LC real Time Analysis Software 
(Shimadzu). The chromatographic separation was performed in reversed-phase 
mode 
[18]
 using a Vydac C4 column (250 × 4.6 mm, L. × I.D., 300 Å-sized pores, 5 
μm-sized particles; Dionex, Mechelen, Belgium), kept at room temperature; the 
detection wavelength was 220 nm. The analyses were carried out applying a binary 
gradient profile to the mobile phase composition. Eluent A was HPLC-grade water 
containing 0.1% (v/v) TFA and eluent B was HPLC-grade acetonitrile containing 
0.1% (v/v) TFA. The gradient elution program was run at a constant flow rate of 
0.7 mL/min and was set as follows: 0–40 min linear gradient from 30% B to 50% 
B; 40–42 min linear gradient from 50% B to 100% B; 42–43 min isocratic elution 
100% B; 43–46 min linear gradient from100% B to 30% B, followed by a 5 min 
isocratic elution at the initial conditions. For each analysis a 20 μL aliquot of each 
Chapter II: Susceptibility to denaturation of caseins in milk samples for improving protein 
conformational study and their identification 
 
- 60 - 
 
standard and sample solution was injected. The total duration of a single run, 
including column re-equilibration, was 51 min. 
 
2.2.4. Far-UV CD 
Far-UV CD spectra were obtained by a Jasco J-810 polarimeter using 4.2 M casein 
solution. Spectra were recorded in the 190–260 nm range, using a cylindrical 
quartz cuvette of path length 1 mm. The scan parameters were: wavelength 
interval, 190–260 nm; scan rate, 50 nm/min; step size, 0.1 nm; bandwidth, 1 nm; 
averaging time, 2s. Spectra shown are averages of 4 consecutive scans, corrected 
by subtracting the baseline scan of the appropriate buffer and subjected to noise 
reduction. 
 
2.2.5. Identification of caseins by MALDI-TOF-MS 
A mixture of analyte and matrix solution [10 mg/mL 3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid) in ACN:H2O 1:1 (v/v), containing 0.1% 
(v/v) TFA] was applied to the sample plate and dried at room temperature. 
Experiments were performed using a MALDI-MX micro (Waters, Milford 
Massachusetts, USA). Positively charged ions were analyzed in linear mode, using 
delayed extraction. Typically, 100 shots were averaged to improve the signal-to-
noise ratio. Mass spectra were acquired over the m/z 3000–40000 range by 
shooting the laser at random positions on the target spot. Data were acquired and 
processed using Masslynx software (Waters-Micromass). Horse heart myoglobin 
was used to calibrate the instrument (average molecular mass 16,951.5 Da); all 





Chapter II: Susceptibility to denaturation of caseins in milk samples for improving protein 
conformational study and their identification 
 
- 61 - 
 
2.3. Results and discussion 
 
2.3.1. HPLC separation of purified casein fractions 
Casein fractions (S1, S2, β, and κ) were identified by comparison of their 
chromatographic retention times with those of commercial standards and data from 
other studies 
[18] 
(Figure 2.2.A.). As shown in Figure 2.2.B., the presence of urea 
did not led to a significant improvement of casein chromatographic profile: while 
resolution of fraction I was improved, the peak of fraction IV was not anymore 
detectable. Figure 2.2.C. shows the influence of β-mercaptoethanol in the 
separation of bovine caseins. An increase in resolution was obtained for fraction I; 
interestingly, fraction IV was well resolved again. However, the best 
chromatographic separation was achieved with solution D, an additional group of 
peaks (7-10) was evidenced, which could be attributed to the complete separation 
of caseins, with significant improvement of fractions III and IV resolution (Figure 
2.2.D.). This chromatogram showed a good similarity with that obtained by Bordin 
et al. 
[7]
, thus enabling a fairly straightforward confirmation of peak identity. These 
patterns clearly demonstrated the success of the denaturing treatment. Such method 
of preparation, which provides the use of 8M urea, 165mM Tris-HCl, 44mM 
sodium citrate and 0.3% β-mercaptoethanol, revealed great repeatability and 
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Table 2.1. Precision (repeatability and reproducibility of analysis method) of peak 
retention times of caseins from whole bovine milk samples of CdLdS dissolved in 

















    
1 0.30 0.29 0.19 
2 0.44 0.26 0.09 
3 0.33 0.16 0.08 
4 0.38 0.23 0.15 
5 0.28 0.21 0.21 
6 0.22 0.11 0.16 
7 0.25 0.10 0.10 
8 0.08 0.04 0.20 
9 0.33 0.16 0.08 
10 0.22 0.11 0.16 
 
Solution D: 8M urea, 165mM Tris-HCl, 44mM sodium citrate and 0.3% β-mercaptoethanol; RSD, 
relative standard deviation (%); 
¥
four aliquots of precipitated bovine casein; *four aliquots of the 
same sample analyzed after 4 days; 
#
sample prepared ex novo and analyzed after 5 days. 
 
 
A similar pre-treatment of casein fractions with the same denaturing solution was 
previously performed by Bonizzi et al. 
[19]
 on the whole milk sample. For the first 
time in this work the incubation of sample with the denaturing solution was 
performed directly on the caseins previously extracted from the organic matrix. 
This treatment allowed the separation of different casein sub-fractions and the 
identification of each component of casein portion. The main difference from the 
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method proposed by Bonizzi was the complete resolution of fraction III, 
characterized by the presence of four peaks corresponding to the variants of β-CN, 
which differ in few amino acid residues 
[20]
. The improvement of the 
chromatographic profile is probably due to the direct interaction of casein powder 
with urea and β-mercaptoethanol. This pre-treatment of caseins allows a separation 
similar to that obtained in a study by Bordin et al. 
[7]
, in which guanidine-HCl, as 
denaturing reagent, and dithiothreitol, as reducing agent, were used. 
 
2.3.2. Far-UV CD data of caseins 
Table 2.2. shows the far-UV CD data of solutions A, B, C and D. In water caseins 
assumed a predominant β-sheet conformation while the presence of urea led to an 
increase of both α-helix and random coil conformations. This conformational 
change is caused by the increase in solubility of hydrophobic amino acids, making 
proteins unfold and altering their three-dimensional structure 
[21,22]
. Infact, there are 
two possible mechanisms of action of urea: an “indirect mechanism” in which urea 
is presumed to disrupt the structure of water, thus making hydrophobic groups 
more readily solvated 
[23-26]
; a “direct mechanism” in which urea interacts either 
directly with the protein backbone, via hydrogen bonds and other electrostatic 
interactions, or directly with the amino acids through more favorable van der Waals 
attractions as compared with water 
[27,28]
; or both, thus causing the protein to swell, 
and then denature. Although urea caused an evident conformational change in 
caseins, no significant improvement of protein chromatographic profile was 
revealed. Differently, β-mercaptoethanol seemed to decrease the rate of β-sheet and 
α-helix conformations, promoting the random coil conformation of caseins. This 
conformational variation is caused by the reduction of casein disulfide bonds: 
infact, β-mercaptoethanol is capable of maintaining monothiols completely in the 
reduced state and of reducing disulfides quantitatively 
[29]
, causing an important 
improvement of protein chromatographic profile. In conclusion, as observed 
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previously, β-mercaptoethanol, a disulfide reducing agent, covalently interacts with 
specific protein functional groups. Urea, acting through generalized solvent 
changes or non-specific interactions with the protein, can alter protein folding. Two 
different reagents in combination, urea and β-mercaptoethanol, were used to unfold 
the caseins. The CD-spectrum of caseins dissolved in this denaturing solution, 
showed a significant increase in the α-helix conformation and a decrease in the rate 
of β-sheet, while random coil conformation remained unchanged. This was caused 
by disruption of casein hydrogen bonds by urea and by the reduction of casein 
disulfide bonds by β-mercaptoethanol. 
 
 
Table 2.2. Relative amounts
¥
 of secondary structures present in casein different solutions. 
Caseins  Helix 1  Helix 2  Strand 1  Strand 2  Turns  Unordered  
Solution A  0.00  25.25  6.80  9.00  41.30  17.70  
Solution B  20.15  20.20  0.00  6.90  25.75  26.95  
Solution C  10.95  14.50  2.85  6.30  28.85  36.50  
Solution D  39.70  26.25  0.35  0.90  17.20  15.60  
¥The values of structural conformation are expressed in %.  
Solution A: water; Solution B: 8M urea and water/acetonitrile (70:30); Solution C: 0.3% β-mercaptoethanol, 
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Figure 2.2. HPLC chromatograms of casein fractions dissolved in: (A) water; (B) solution 
of 8M urea and water/acetonitrile (70:30); (C) solution of 0.3% β-mercaptoethanol, 
water/acetonitrile (70:30); and (D) solution of 8M urea, 165mM Tris-HCl, 44mM sodium 
citrate and 0.3% β-mercaptoethanol. I, κ-casein; II, αS2-casein; III, αS1-casein; and IV, β-
casein. Peaks 1–4, κ-casein in different states of glycosylation; peaks 5 and 6: αS2- and αS1-
casein, respectively; and peaks 7–10, β-casein variants (B, A1, A2, A3, respectively). 
 
 
2.3.3. Identification of casein fraction variants 
The HPLC peaks (1-10) arising from solution D were identified by comparing 
chromatographic and MALDI-TOF MS data with those reported in previous works 
[14]
 (Table 2.3.). Our results allowed the identification of peaks 1-4 with k-casein in 
different states of glycosylation. Peaks 5 and 6 could be assigned to αS2- and αS1-
casein, respectively. Peaks 7-10 were attributed to the separation of β-casein 
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Table 2.3. MALDI-TOF-MS data of casein fraction variants. 
 









   
2 19,441    
3 19,040     
4 19,189    
5  26,074   
6   23,615  
7    23,982 
8    23,994 
9    23,143 
10    23,250 
 
# 







Pinpointing the composition of the casein fractions is of pivotal importance to 
determine the specific biochemical and biological properties and possible dietary 
and dairy applications of milk. The aim of this study was to evaluate the denaturing 
effects of different solvents and solutions for improving casein protein purification 
and identification. The best chromatographic separation was achieved with the 
solution of 8M urea, 165mM Tris-HCl, 44mM sodium citrate and 0.3% β-
mercaptoethanol, allowing the identification and quantification of its individual 
fractions. 
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Abstract  
Casein proteins constitute approximately 80% of the proteins present in bovine 
milk and account for many of its nutritional and technological properties. The 
analysis of the casein fraction in commercially available pasteurized milk and the 
study of its time-dependent degradation is of considerable interest in the agro-food 
industry. Here we present new analytical methods for the study of caseins in fresh 
and expired bovine milk, based on the use of lab-made capillary organic monolithic 
columns. An integrated capillary high performance liquid chromatography and 
high-resolution mass spectrometry (Cap-LC–HRMS) approach was developed, 
exploiting the excellent resolution, permeability and biocompatibility of organic 
monoliths, which is easily adaptable to the analysis of intact proteins. The 
resolution obtained on the lab-made Protein-Cap-RP-Lauryl-γ-Monolithic column 
(270 mm × 0.250 mm, length × internal diameter, L. × I.D.) in the analysis of 
commercial standard caseins (αS-CN, β-CN and κ-CN) through Cap-HPLC–UV 
was compared to the one observe using two packed capillary C4 columns, the ACE 
C4 (3 μm, 150 mm × 0.300 mm, L. × I.D.) and the Jupiter C4 column (5 μm, 150 
mm × 0.300 mm, L. × I.D.). Thanks to the higher resolution observed, the 
monolithic capillary column was chosen for the following degradation studies of 
casein fractions extracted from bovine milk 1–4 weeks after expiry date. The 
comparison of the UV chromatographic profiles of skim, semi-skim and whole 
milk showed a major stability of whole milk towards time-dependent degradation 
of caseins, which was further sustained by high-resolution analysis on a 50 cm long 
monolithic column using a 120 min time gradient. Contemporarily, the exact 
monoisotopic and average molecular masses of intact αS-CN and β-CN protein 
standards were obtained through high resolution mass spectrometry and used for 
casein identification in Cap-LC–HRMS analysis. Finally, the proteolytic 
degradation of β-CN in skim milk and the contemporary formation of low-
molecular-weight proteose-peptones with exact monoisotopic mass between 
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9,444.0989 Da and 14,098.9861 Da was confirmed through the deconvolution of 
high resolution mass spectra and literature data. 
 
Keywords 
Caseins, high-resolution mass spectrometry, organic monoliths, bovine milk, 
capillary liquid chromatography. 
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Bovine milk proteins have been widely studied in the last years due to their strict 
relationship with the nutritional and technological properties of milk. Caseins 
account for nearly 80% of total milk protein, corresponding to approximately 3–
3.5% (w/v), while whey fraction proteins constitute the remaining 20%. More than 
60 genetic variants of caseins have been identified in bovine milk by Farrell et al. 
in 2004 
[1]
. The composition of the casein fraction strongly influences both 
nutritional and technological properties of bovine milk, playing a major role, for 
example in the cheese-making procedures 
[1]
. In this scenario, the development of 
efficient analytical methods for the separation, identification and quantification of 
variants of milk proteins within single protein fractions appears to be fundamental 
for both safety and marketing reasons. It is well documented that the digestion of 
milk proteins can yield physiologically important bioactive peptides 
[2,3]
. These 
peptides are inactive within the sequence of the parent protein, but can be released 
during fermentation, food processing and gastrointestinal digestion, as discussed by 
Korhonen and Pihlanto in 2006 
[4]
. Bioactive peptides are obtained by in vitro and 
in vivo enzymatic proteolysis of caseins. These peptides have been reported to 
exert, amongst others, anti-hypertensive, opioid/anti-opioid, anti-microbial and 
immunomodulatory activities 
[5,6]
. Bovine milk contains a number of potent 
immunoregulatory peptides that affect the immune system via cellular functions, 
leading to great interest towards the immunomodulatory properties of casein 
hydrolysates 
[6–11]
. Therefore, the quantification of relative ratios for milk protein 
fractions, and their enzymatic and degradation products, can become important in 
the biological quality assessment of bovine milk, as well as in future possible uses 
of these compounds in nutraceutics. 
A variety of methods have been described to analyze milk fractions: electrophoretic 
techniques 
[12,13]
, HPLC based on ion-exchange 
[14]
, hydrophobic interactions 
[15]
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and reversed-phase methods 
[16–20]
, and, more recently, capillary electrophoresis 
and capillary zone electrophoresis 
[21–24]
, as well as mass spectrometry 
[25,26]
. In 
particular, high-performance liquid chromatography allows rapid and automated 
analysis, characterized by good separations, high resolution, accuracy and 
reproducibility. The use of capillary columns, easy interfaceable to mass 
spectrometry, is particularly promising in the field of protein analysis. Amongst 
capillary columns, monolithic supports can become an excellent tool in the 
analytical laboratory, either in the field of separation or in the early stage of sample 
preparation, thanks to their particular structure. Monoliths are prepared by means 
of a polymerization process from either organic polymers, such as 
polymethacrylates and polystyrenes, or from inorganic polymers, such as silica. 
Monoliths possess a bimodal pore structure consisting of macropores, which form a 
dense network of pores, and mesopores, responsible for the fine porous structure of 
the column. The final structure, containing both mesopores and macropores, is 
responsible for the major chromatographic features of monolithic columns. When 
compared to conventional particle packed columns, monolithic columns exhibit 
lower pressure drop along with higher separation efficiency, since they do not 
contain, unlike packed columns, void volumes 
[27]
. They can be used in HPLC, GC, 
CEC, as well as in sample preparation techniques such as SPE, SPME and SBSE. 
Up to date, monolithic columns have been employed for the analysis of different 
analytical matrixes, especially of biological interest, including food products. Few 
analytical methods can be, on the other hand, found in literature using monoliths in 
milk analysis. Although, monolithic columns have been occasionally applied to 
milk analysis to quantify melamine, penicillin antibiotics, cephalosporin 
antibiotics, sulfonamides, minor proteins (milk-lactoferrin, lactoperoxidase), no 
data are available on caseins so far 
[28]
. 
Given our previous experience in the preparation of monolithic columns 
[29]
 to be 
used, amongst others, in protein analysis 
[30]
, lab-made organic columns of varying 
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length were prepared and used in the investigation of caseins and their degradation 
process.  
 
3.1.1. Aim of work 
The primary aim of this work was to compare HPLC conventional and monolithic 
columns for milk casein analysis attempting to improve separation, identification 
and future quantification of the single casein fractions and its time-dependent 
degradation to bioactive peptides. Parallel investigations were focused on searching 
new LC and LC–MS techniques, based on both packed and monolithic columns, 
allowing a better separation of commercially available bovine milk samples 
caseinic fraction. Secondarily, high resolution mass spectra were obtained starting 
from casein standards through direct infusion. Finally, knowledge acquired through 
Capillary HPLC–UV separations and mass spectrometry of casein standards were 
used in an integrated Capillary-HPLC–high-resolution-MS analysis of precipitated 
casein fractions obtained from samples of commercial whole, skim and semi-skim 
milk at 1–4 weeks after expiry date. 
 
3.2. Materials and methods 
 
3.2.1. Materials 
Fused-silica capillary tubings of 0.250 mm I.D. and 0.375 mm O.D. with a 
polyimide outer coating were purchased from Polymicro Technologies (Phoenix, 
AZ, USA). All chemicals and reagents were of HPLC grade. Purified αS-CN 
(85%), β-CN (90%) and κ-CN (80%) casein fractions, as well as acetonitrile, TFA, 
3-(trimethoxysilyl)propyl methacrylate, DPPH, LMA, HDDMA, tert-butyl alcohol, 
β-mercaptoethanol, Tris–HCl and 1,4-butanediol were purchased from Sigma–
Aldrich (St. Louis, MO, USA). Sodium citrate was from Carlo Erba (Milano, 
Italy). Tris–HCl buffer was purchased from Lonza (Rockland, ME, USA), while 
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trifluoroacetic acid was purchased from Iris Biotech GmbH (Marktredwitz, 
Germany). Urea was from AppliChem GmbH (Darmstadt, Germany). Batches of 
whole milk, partially skim milk and skim milk were provided from CdLdS 
(Salerno, Campania, Italy). 
 
3.2.2. Sample preparation 
High purity water was used for the preparation of samples and mobile phase 
solutions. Protein standards were dissolved in water (0.1 mg/mL) prior to injection 
into the capillary or nano-system. 
Commercial samples of skimmed milk from Centrale del latte di Salerno were 
preserved at room temperature and the corresponding caseins were extracted at 
different weeks (weeks I–IV) after expiration date. The caseins were obtained 
following a previously reported procedure 
[31]
. Briefly, skimmed milks were 
prepared by centrifugation at 4000 × g for 15 min at 4 °C and caseins were 
obtained by the addition of acetic acid (10% v/v) at −20 °C. The casein powder was 
dissolved in aqueous acetonitrile (30% v/v) and the solution was then filtered 
through a 0.45 μm membrane, frozen at −80 °C and lyophilized for 24 h. A 
solution of 8M urea, 165mM Tris–HCl, 44mM sodium citrate and 0.3% β-
mercaptoethanol was prepared for the dissolution of extracted lyophilized casein 
samples (see section 2.2.2.). 
Caseins were dissolved in the denaturing solution until there was no residual 
precipitate. 
 
3.2.3. Preparation of the organic monolithic columns 
After etching the inner wall surface with 1 M NaOH and 0.1 N HCl, a 10-m-long 
fused silica capillary (0.250 mm I.D., 0.375 mm O.D.) was silanized through 
reaction with a solution of 3-(trimethoxysilyl)propyl methacrylate (50%, v/v in 
toluene) containing 2,2‟-diphenyl-1-picrylhydrazyl radical (0.005% w/v) at 110 °C 
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for 6 h. When the desired capillary geometries were obtained from the single pre-
treated long capillary, the polymerization steps took place. A mixture of monomers 
(0.328 mL) consisting of 78.3 wt % of LMA and 21.7 wt % of HDDMA was 
dissolved in a porogenic solvent (0.672 mL) to obtain the polymerization mixture. 
The porogenic solvent consisted of a binary mixture of 65.0% tert-butyl alcohol 
and 35.0% 1,4-butanediol (reported % are w/v). The polymerization mixture was 
degassed by sparging with helium and thus introduced into the pre-treated capillary 
using a low argon pressure. The ends of each capillary column were finally sealed 
and the filled capillaries was placed inside a 
60
Co Gammacell (1.17 and 1.33 MeV) 
and irradiated at a temperature of 25 °C with a total dose of 40 kGy, at a rate of 
about 2 kGy/h. After the polymerization was completed, the monolithic columns 
were washed with a volume of acetone equal to that of 50 column-dead-volumes, 
using an HPLC pump under constant pressure (10 MPa), to remove residual 
unreacted monomers and porogenic solvents. The column was characterized in 
terms of efficiency and permeability using a set of small molecule probes 
(benzaldehyde, nitrobenzene, toluene, ethylbenzene, butylbenzene) eluted with 
CH3CN/H2O, 60/40 (v/v) as mobile phase at different flow rates and a T of 25 °C. 




; total porosity εT = 0.72; efficiency, Hmin = 10.5 
μm (N/m = 95,000) at optimum liner velocity μopt = 0.50 mm/s (solute: 
benzaldehyde) (see section 4.3.1.1.). 
 
 
3.2.4. Capillary HPLC–UV: chromatographic conditions 
Liquid chromatography was performed using two different capillary and nano-
systems. In standard Cap-HPLC–UV applications, a Micro/Capillary/Nano-HPLC 
system (Model UltiMate LPG-3000, Dionex, Sunnyvale, CA, USA) was used, 
equipped with two low-pressure gradient micro-pumps (Model DGP-3600M), a 
vacuum degasser (Model DG-1210), a micro-autosampler (Model WPS-3000TPL) 
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equipped with a 5 μL loop, and a UV-detector (Model VWD-3100, cell 20 nL). 
The integrated column oven (Model FLM-3100) (5–85 °C temperature range) is 
provided with a micro-column switching unit and a flow-splitting device (flow 
splitter 1:6, 1:100 or 1:1000 for micro-, capillary or nano-analysis, respectively). A 
second chromatographic system, Dionex UltiMate 3000 RSLC nano-LC 
(Amsterdam, NL), was used for high resolution Cap-HPLC–UV and Cap-LC–
HRMS applications. 
The pumping system comprises two different pumps: a binary rapid separation 
capillary flow pump (NCS-3500RS UltiMate 3000) with a ternary loading pump 
and two 10-ports micro-switching valves for capillary flow ranges, and a binary 
rapid separation nano-flow pump (NCP-3200RS UltiMate 3000). The apparatus 
also includes a thermostatted column compartment, a VWD-3400RS UltiMate 
3000 rapid separation four channel variable wavelength detector with a 7.0 nL Z-
shaped flow cell and a WPS-3000TPLRS UltiMate 3000 thermostatted rapid 
separation pulled loop well plate sampler for injection of low-sample volumes (a 5 
μL loop was used in the current study). Injection volume in all cases was 1.0 μL. 
The UV detector was set at a time constant of 0.10 s and a data collection rate of 40 
Hz. UV detection was performed at 214 nm. Chromatographic data were collected 
and processed with Chromeleon 6.8 (Dionex, Sunnyvale, CA, USA). 
In this study, both packed and lab-made monolithic columns 
[29,30]
 were 
investigated. An ACE C4 column (Advanced Chromatography Technologies, UK) 
and a Jupiter C4 column (Phenomenex Inc., Torrance, CA, USA), packed with 3 
and 5 μm particles, respectively, were used. Both columns present a porosity of 300 
Å and a geometry of 150 mm × 0.300 mm, length × internal diameter, L. × I.D. 
Two protein-Cap-RP-lauryl-γ-monolithic columns were also used, based on the 
same lab-made organic monolith, having two different lengths of 27 cm and 50 cm, 
respectively, and an internal diameter of 0.250 mm. A third Protein-Cap-RP-
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Lauryl-γ-Monolithic column (50 mm × 0.250 mm, L. × I.D.) was used for trapping 
purposes. 
The mobile phases A and B consisted of 95/5 water/acetonitrile (v/v) and 5/95 
water/acetonitrile (v/v), respectively. Both mobile phases were buffered with 0.1% 
v/v of TFA. A 10-port switching valve connected to a loading pump, a micro-
pump, a trap column (50 mm length) and a separation column (270 mm or 500 mm 
length) was used to performed injection in load-trapping mode. As shown in detail 
in Figure 3.1., the sample is introduced onto the loading column (valve in position 
10_1) using the L.P. with mobile phase A (unless otherwise indicated), delivered 
for 5 min, transferred to the separation column (valve in position 1_2) using the 
μ.P. with a linear gradient of mobile phase B, followed by column regeneration and 
equilibration. 
 
3.2.4.1. Analysis of standards 
Purified αS-CN, β-CN and κ-CN were eluted in trapping mode, both on the 
monolithic and on the packed columns, using a 30 min linear gradient. The gradient 
composition was optimized for each column. In particular, on the monolithic 
column a gradient of mobile phase B from 15% to 45% was used, at a flow rate of 
10 μL/min, while the column temperature was set at 60 °C. The two packed 
columns were flushed at a lower flow rate of 3 μL/min, while the column 
temperature was set to 30 °C for stability issues of the packed columns. The 
gradient composition was also optimized according to the characteristics of each 
column, using a 15% to 50% gradient of mobile phase B on the ACE C4 column, 
and a 15% to 70% variation of mobile phase B on the Jupiter C4 column. 
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3.2.4.2. Analysis of casein fractions by Cap-HPLC–UV 
The degradation of casein fractions at different weeks (I–IV) from expiry date was 
investigated by injecting the caseins fractions on a 27-cm-long lab-made 
monolithic column. The chromatographic system used was the UltiMate LPG-3000 
instrument. Casein fractions were analyzed in trapping mode, using the lab-made 
monolithic capillary column and a 60-min gradient elution from 20% to 40% of 
eluting mobile phase (B). The column temperature was set at 60 °C while the flow 
rate was 10 μL/min. 
 
3.2.4.3. Analysis of casein fractions in high resolution (HR-Cap-HPLC–UV) 
The system used for high-resolution chromatography was the UltiMate 3000 RSLC 
nano-LC system. Analysis was performed in trapping mode, using a 50-cm long 
Protein-Cap-RP-Lauryl-γ-Monolithic column (500 mm × 0.250 mm, L. × I.D.). 
Load-trapping injection mode of the samples was performed using a 10-port 
switching valve connected to a loading pump, a micro-pump, a trap column (50 
mm length) and a separation column (50 cm long). The sample is introduced into 
the loading column (valve in position 10_1) using the L.P. with water/methanol 
98/2 (v/v) + 0.1% (v/v) TFA, at a flow rate of 10 μL/min, delivered for 5 min. It is 
then transferred to the separation column (valve in position 1_2) using the μ.P. with 
a linear gradient of mobile phase B at a flow rate of 7 μL/min (see Figure 3.1.).  
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Figure 3.1. Sketch of 10-valve port used for load-trapping purposes. 
 
Finally, suitable column regeneration and equilibration times were included before 
performing a second analysis. A 120-min gradient elution from 15% to 45% of 
eluting mobile phase (B) was used in HR-Cap-HPLC. The column temperature was 
set at 60 °C in all experiments. 
 
3.2.5. Mass spectrometry analysis: direct infusion 
MS analysis was performed with an LTQ Orbitrap mass spectrometer (Thermo 
Fisher Scientific, San José, CA, USA): a hybrid system combining the LTQ linear 
ion trap mass spectrometer and the Orbitrap mass analyzer. Ions are generated in 
the Standard Electrospray Source, trapped in the LTQ mass analyzer, ejected from 
the LTQ and collected in a C-shaped ion trap from which they are passed and 
analyzed into the Orbitrap. 
ESI was employed at the flow rate of 10.00 μL/min with a 50 μm connecting fused-
silica capillary and a 150 μm × 50 μm × 50 cm (O.D. × I.D. × L.) fused-silica 
emitter with an outlet tip of 20 μm I.D. (New Objective Woburn, MA, USA). The 
instrument was operated in positive ESI mode with a sheath gas flow of 5 units, an 
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auxiliary gas of 5 units, a spare gas of 0 units, a spray voltage of 3.0 kV, a capillary 
voltage of 40 V, a capillary temperature of 275 °C and a tube lens voltage of 245 
V. A single microscan was accumulated with a maximum injection time of 100 ms. 
The MS parameters were optimized in the range of m/z 500–2500 by infusing a 
solution of 8.0 μM cytochrome C in water/acetonitrile/trifluoroacetic acid 
(80/20/0.05, v/v/v), at resolution a of 30,000–100,000 with a syringe pump at a 
flow rate of 10.00 μL/min. Mass calibration was accomplished with the LTQ FT-
hybrid positive ion mode calibration solution (Calmix). Mass spectra were 
collected and processed using Xcalibur software and deconvoluted mass spectra 
were obtained by using Xtract. After the indication of the mass range, mass 
resolution and signal to noise criteria for deconvolution, Xtract was used to obtain 
the monoisotopic and averaged intact molecular masses from the signals of the 
multiply charged protein ions observed in the mass spectrum with and without 
isotopic resolution, respectively. Mass spectra of (commercial) αS-CN and β-CN 
were obtained by direct infusion of a 4.0 μM solution of each protein in solution 
containing MeCN/iso-propanol/water/CF3COOH 45/45/9.9/0.1, v/v/v/v. An 
Orbitrap resolving power of 60,000 was chosen as it provided the optimal 
resolution of the isotopic clusters. 
 
3.2.6. Analytical conditions in Capillary-HPLC–high-resolution-MS  
Cap-LC–HRMS analysis was performed using a 50-cm long Protein-Cap-RP-
Lauryl-γ-Monolithic column (0.250 mm I.D.) and a trapping column (Protein-Cap-
RP-Lauryl-γ-Monolithic column, 50 mm × 0.250 mm, L. × I.D.). Load-trapping 
injection mode was performed using a 10-port switching valve, as described earlier. 
The sample is introduced onto the loading column (valve in position 10_1) using 
the L.P. with water/methanol 98/2 (v/v) + 0.1% (v/v) TFA, at a flow rate of 10 
μL/min, delivered for 5 min. It is then transferred to the separation column (valve 
in position 1_2) using the μ.P. with a linear gradient of mobile phase B at a flow 
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rate of 7 μL/min (see Figure 3.1.). Finally, suitable column regeneration and 
equilibration times were included before performing a second analysis. A 60-min 
gradient elution from 15% to 45% of eluting mobile phase (B) was used to in Cap-
LC–MS. The column temperature was set at 60 °C in all experiments. 
Mass spectrometry detection was performed on an LTQ Orbitrap, set at a mass 
range of 1000–3000 m/z. The instrument was operated at a resolution of 60,000 in 
positive ESI mode with a sheath gas flow of 5 units, an auxiliary gas of 5 units and 
a spare gas of 0 units, while spray voltage was set at 3.0 kV, capillary voltage at 40 
V, capillary temperature at 275 °C and tube lens voltage at 245 V. Each single 
microscan was accumulated with a maximum injection time of 100 ms. Mass 
chromatograms were recorded in total ion current, within 1000 and 3000 amu. The 
signal-to-noise (s/n) ratios of the response were calculated on the unsmoothed mass 
spectra, with reference to the base peak in the mass spectrum. 
 
3.3. Results and discussion 
 
3.3.1. Preparation of the organic monolithic capillary columns 
The monolithic columns described in this paper were prepared according to an 
already described patented procedure 
[29]
. A two step procedure was developed, 
including an initial pre-treatment of the activated capillaries with 3-
(trimethoxysilyl)propyl methacrylate, necessary to ensure immobilization of the 
growing polymer monolith on the capillary wall, and a polymerization step where a 
mixture of monomer, cross-linker and porogenic solvent was used to fill the 
capillaries. Finally, the polymerization was performed using a total dose of 40 kGy 
of γ-rays at 25 °C. 
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3.3.2. Analysis of casein standards present in bovine milk through Cap-HPLC–
UV 
Important results have been obtained in the last twenty years in the analysis of 
bovine milk, as an ever growing interest in foodomics, combined with the use of 
advanced hyphenated LC–MS techniques, has allowed the separation and 
identification of both major and minor proteins present in milk composition. Intact 
proteins have been traditionally analyzed on packed columns based on alkylated, 
wide-pore (300 Å or higher) silica particles. Many drawbacks, however, are 
associated with this type of stationary phase, including the irreversible adsorption 
of biomolecules on the unreacted silanols surface, often generating slow 
adsorption/desorption equilibria and poor peak shape. Furthermore, the need for 
efficiency has led to the use of smaller particles, which can generate considerably 
high backpressure values, severely limiting the use of (very) long columns at high 
flow rates and thus very-high resolution analysis. As shown in previous studies 
[32–
37]
, organic monolithic columns are an excellent, highly promising alternative in the 
analysis of intact proteins as they provide excellent selectivity and good chemical 
passivation. Given their higher permeability, monolithic columns are characterized 
by lower backpressure values. They can, thus, be used at elevated flow-rates, 
leading to faster gradients without loss in resolution. Finally, extra-long columns 
can be used in high-resolution experiments, as the backpressure generated is 
compatible with currently available instrumentation. 
A comparison between packed and monolithic capillary columns was performed to 
evaluate their selectivity towards the caseins typically present in bovine milk and to 
study the elution conditions suitable for the analysis of lyophilized caseins 
extracted from commercially available milk samples. Optimization of the 
chromatographic process can provide valuable information on the protein profile of 
the casein standards, which can then be used to study the stability of the casein 
fraction in bovine milk, after 1–4 weeks from expiry date. 
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In order to obtain the necessary preliminary data prior to method development, 
three different commercially available casein standards were eluted on two packed 
C4 columns (ACE and Jupiter) and on a lab-made monolithic column (Protein-
Cap-RP-Lauryl-γ-Monolithic) 
[29,30]
. Using a 30 min gradient elution, the three 
casein standards (αS-CN, β-CN and γ-CN) were successfully eluted on the 
monolithic column with good selectivity and at different retention times, which is 
an excellent pre-requisite for the separation of these major proteins in milk. The 
quality of the resolution achieved on the monolithic column was excellent with 
regards to the differentiation between major peaks and minor peaks present in the 
considered standards. The efficiency and the overall resolution during the 
separation of caseins on the monolithic stationary phase were found to improve 
with higher column temperatures, which led to the use of a column oven 
temperature of 60 °C in all the chromatographic runs. The particulate stationary 
phases, on the other hand, showed limited thermal stability at the same 
temperature, and thus the operating temperature was set at 30 °C when using the 
two packed columns. After optimization of the elution conditions for each column, 
the monolithic column displayed higher selectivity, resulting in a higher resolution 
when compared to the two packed capillary column, as can be seen in Figure 3.2. 
In particular, in Figure 3.2.A., the number of peaks obtained on the monolithic 
column was higher for all three standards, compared to the ACE C4 column 
(packed with 3 μm particles, 150 mm × 0.300 mm, L. × I.D.; see Figure 3.2.B.) and 
to the Jupiter C4 column (packed with 5 μm particles, 150 mm × 0.300 mm, L. × 
I.D.; see Figure 3.2.C.). Although all three columns showed different elution 
profiles, proving in many ways complementary, the monolithic column displayed a 
different selectivity with regards to the different isoforms and/or modified versions 
of each protein present in the standard, as well as a better chromatographic peak 
profile. In particular, the selectivity shown towards the casein standards was clearly 
visible from the comparison of the chromatograms obtained for β-CN on the three 
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capillary columns, with the monolithic column clearly resolving peaks that were 
co-eluted on the two packed capillary columns. The chromatogram of κ-CN 
standard (Figure 3.2.A.) on the monolithic column not only presents the three well 
known main peaks, representing already reported glycosylated and unglycosylated 
variants of isoforms A and B 
[16,18,20,38]
, but also an important number of minor 





Figure 3.2. Chromatograms of casein standards on (A) a 27-cm long Protein-Cap-RP-
Lauryl-γ-Monolithic column (270 mm × 0.250 mm, L. × I.D.); (B) on an ACE C4 column 
packed with 3 μm particles (150 mm × 0.300 mm, L. × I.D.); and (C) on a Jupiter C4 
column packed with 5 μm particles (150 mm × 0.300 mm, L. × I.D.). Gradient time: 30 
min. Commercially available casein standards were dissolved in water. UV detection at 
214 nm. See Section 3.2.4.1 for full experimental details. 
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This can become a crucial point in LC–MS applications, with the optimization of 
the chromatographic process providing a supplementary tool in the characterization 
of the genetic pool of each protein group. 
These preliminary results were encouraging for the future development of 
analytical methods for the analysis of bovine milk casein fractions on the Protein-
Cap-RP-Lauryl-γ-Monolithic column. 
 
3.3.3. High Resolution Mass Spectrometry of casein standards 
The characterization of casein standards was integrated by high resolution mass 
spectrometry. A similar study is now being performed in our lab for intact proteins 
present in the whey fraction and will be the topic of future papers. Recently, 
interesting studies have been reported in literature on the analysis of whey protein 
standards and of β-CN standards using both top-down and bottom-up approaches 
[39,40]
. In the present study, intact proteins were analyzed to obtain the exact masses 
of αS-CN and β-CN, data that were later used for protein identification in LC–MS 
experiments. 
The results obtained using hybrid LTQ Orbitrap mass spectrometry were excellent 
both in terms of resolution and quality and are, at the best of our knowledge, some 
of the few high resolution spectra obtained for these two bovine proteins. Using 
hybrid instrument LTQ Orbitrap, we were able to carry out high quality analysis, 
key requirement for the identification and characterization of intact proteins 
isoforms. Multiply charged signals were observed in all experiments. The Orbitrap 
mass analyzer was capable of resolving the isotopic clusters of both casein 
standards as shown in Figure 3.3.A. and B for αS-CN and β-CN, respectively. The 
high resolution achieved during the analysis can be appreciated in more detail 
when looking at the expanded spectra shown in Figures 3.4. and 3.5. 
In particular, by zooming on z= 14 for αS-CN and z= 17 for β-CN, respectively (see 
Figures 3.4. and 3.5.), a very good isotopic resolution was evidenced. Intact protein 
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MS data revealed the presence of at least three highly abundant protein isoforms in 
each spectrum. The signals related to multiply charged ions were further 
deconvoluted into spectra of the uncharged protein isoforms using the Xtract 
software.  
 
Figure 3.3. Mass spectra of αS-CN (A) and β-CN (B) obtained through direct infusion of a 
4.0 μM sample solution in MeCN/iso-propanol/H2O/CF3COOH 45/45/9.9/0.1 (v/v/v/v). 
Instrument: LTQ Orbitrap MS ESI (+) detector. R = 60,000, mass range: 1000–2500; 
maximum injection time: 100 ms; 1 microscan. 
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Figure 3.4. Expansion of mass spectrum of αS-CN obtained through direct infusion of a 4.0 
µM sample solution in MeCN/iso-propanol/ H2O/CF3COOH 45/45/9.9/0.1 (v/v/v/v). 
Instrument: LTQ Orbitrap MS ESI (+) detector. R = 60,000, mass range: 1000-2500; 












Figure 3.5. Expansion of mass spectrum of β-CN obtained through direct infusion of a 4.0 
µM sample solution in MeCN/iso-propanol/ H2O/CF3COOH 45/45/9.9/0.1 (v/v/v/v). 
Instrument: LTQ Orbitrap MS ESI (+) detector. R = 60,000, mass range: 1000-2500; 
maximum injection time: 100ms; 1 microscan. 
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Monoisotopic masses are reported in Figure 3.6., while average molecular masses, 
determined by matching the measured isotopic pattern to a calculated isotope 
pattern, obtained from the elemental composition of an average hypothetical amino 




Figure 3.6. Deconvoluted spectra of αS-CN (A) and β-CN (B) obtained using the Xtract 
software. Monoisotopic masses are reported. Experimental conditions as in Figure 3.3. 
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Figure 3.7. Deconvoluted spectra of αS-CN (A) and β-CN (B) obtained using the Xtract 
software. Averaged molecular masses are reported, determined by matching the measured 
isotopic pattern to a calculated isotope pattern obtained from the elemental composition of 
an average hypothetical amino acid. Experimental conditions as in text (section 3.2.5). 
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As can be seen in Figure 3.7., the deconvoluted results detected nine average 
molecular masses corresponding to nine different β-CN variants, in agreement with 
the masses reported in literature 
[1,39]
. In detail, three averaged molecular masses 
(23,982.2319 Da, 24,023.2360 Da and 24,091.2643 Da, see Figure 3.7.B.) 
corresponded to the theoretical and experimental masses reported in 2009 by Pâsa-
Tolìc and collaborators for variants A2, A1 and B of β-CN respectively 
[39]
. For 
example, the protein with Mr = 23,982.2319 Da was identified as isoform A2 of β-
CN containing 5 phosphorylation sites. 
Monoisotopic molecular masses of αS-CN variants were in the range of 
23,472.6493–23,725.3301 Da, as shown in Figure 3.6.A., while averaged values 
were in the 23,487.4544–23,739.4186 Da range (Figure 3.7.A.). These values are 
normally reported in literature for variants B and C of αS1-CN 
[1]
. We were unable 
to identify spectral values corresponding to αS2-CN variants in the casein standard 
sample commercially available, which limited our high-resolution analysis to αS1-
CN. Pâsa-Tolìc and co-workers reported two masses of 25,226.9975 Da and 
25,306.1167 Da for the αS2-CN variants bearing 11 and 12 phosphorylations, 
respectively 
[39]
. This is probably due to the fact that the authors in Ref. 
[39]
 reported 
only LC–HRMS data on αS2-CN, found as a secondary product present in the β-CN 
standard. The mass range observed in our experiments corresponds to the 




 for αS1-CN, although the 
data reported in literature are not derived from high-resolution spectra and often 
refer to average masses. Unfortunately, a high resolution spectrum of κ-CN could 
not be produced given the high variety of phosphorylation and glycosylation 
degrees present in the variants of the intact protein. To the purpose, 
chromatographic retention times obtained through LC–UV, together with literature 
data, were used for identification of κ-CN within the casein fraction in the Cap-
LC–MS studies. 
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3.3.4. Analysis of casein fraction in bovine milk 
Although many researchers have studied the chromatographic profile of the casein 
fraction, both as such and after high temperature treatment, the effect of multi-week 
storage at room temperature has never been investigated so far. 
The removal of expired milk from the local vendors as well as its final disposal is 
an issue of major interest for many milk producers. The recovered milk is often 
used in the first week after its expiry to obtain the whey fraction which, after the 
necessary treatments, is used in the health care and food industries. However, a 
great amount of potentially active ingredients is lost during this cycle. In particular, 
it was observed that many bioactive peptides can be obtained following the natural 
degradation of caseins, operated by bacteria present in expired milk, such as 
plasmin and other proteolytic enzymes 
[10]
. 
The recovery and the reutilization of caseins and casein-derived peptides to be used 
in the food industry and in the production of dietary supplements would be 
extremely cost-effective. To the purpose, an analysis of the degradation process of 
the casein fraction becomes increasingly interesting, especially if appropriate 
methods for the identification and the quantification of relative ratios of protein 
fraction and their enzymatic and degradation products can be successfully 
established. The present investigation aims at developing new Cap-HPLC methods 
based on lab-made organic monolithic columns to study the time-dependent 
degradation/transformation of caseins. 
The first step of the investigation consisted in obtaining casein samples extracted at 
different weeks (weeks I–IV) after expiry date. Commercial samples of skimmed 
milk were preserved at room temperature and the corresponding caseins were 
extracted, following a previously reported procedure 
[31]
. Caseins were then 
dissolved in a solution of 8M urea, 165mM Tris–HCl, 44mM sodium citrate and 
0.3% β-mercaptoethanol, prior to injection into the capillary monolithic column. A 
gradient elution from 20% to 40% of mobile phase B (acetonitrile/water, 95/5, v/v 
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+ 0.1% v/v TFA) was used to elute the caseins from the column. In Figure 3.8. the 
chromatographic profile of the casein extract deriving from whole, semi-skim and 
skim milk at different weeks are shown. The chromatographic profile of basal milk 
corresponds to the casein fraction precipitated from milk before its expiry date, 
when the degradation of caseins due to milk acidity and bacteria is at the lowest 
degree. Comparing basal milk with the casein fraction from whole milk at week I 
and week II after expiration, a very similar profile was obtained, although the peaks 
eluted at approximately 60 min, belonging to β-CN, were not observed at samples 
of week I and week II. Degradation of β-CN was even more evident when samples 
of week III and week IV were tested, showing that after the first two weeks the 
protein undergoes complete degradation and fragmentation. The peptide fraction 
which elutes earlier in the chromatogram, is not very different on the three first 
chromatograms. As previously described κ-CN was eluted first, followed by αS-CN 
and then β-CN, in accordance with literature data 
[16–18,20,38]
. After 3 weeks from 
expiry date, the chromatographic profile of the casein fraction in whole milk 
changes significantly, as shown at the top of Figure 3.8. (in violet and black). 
Peptides deriving from the major proteins account for the differences observed, as 
there is an increment of peaks with lower retention times and a contemporary loss 
of peaks in the area of the chromatogram between 50 and 60 min, where the 
different isoforms of β-CN are eluted. 
The results obtained for whole milk were then compared to those deriving from the 
analysis of casein fractions extracted from skim and semi-skim milk. As with 
whole milk, the peaks eluted at approximately 60 min, when analyzing caseins 
extracted prior to expiration (basal sample), are not present in the chromatograms 
of weeks I–IV. Furthermore, skim milk appears to have a more substantial 
variation between the chromatogram of basal milk and the ones registered for 
samples obtained at later stages during the milk storage. In particular, an important 
degradation and fragmentation of caseins occurs already at week I after expiry 
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(green line), while at week II (blue line) the chromatographic profile is very 
different from the one observed in the case of basal milk (red line). The peptide 
fraction that elutes earlier in the chromatogram is considerably richer in the case of 
casein samples extracted from skim milk compared to the ones extracted from 
whole milk. On the other hand, semi-skimmed milk shows an intermediate 
situation, displaying a lower degree of fragmentation if compared to skim milk, 
without reaching the stability of whole milk. 
The degradation of the casein fraction present in skim milk is easily observed 
performing a high-resolution Cap-HPLC analysis. In order to obtain the required 
extra resolution, a combination of a 50 cm long monolithic column (I.D. of 0.250 
mm) with a longer 120 min gradient elution was used. This approach allowed a 
good resolution during the elution of both the casein fraction from basal skim milk 
and of the one obtained after casein extraction at week IV after expiry date, as 
depicted in Figure 3.9. As observed earlier, peaks eluted between 75 and 90 min in 
basal skim milk chromatogram (Figure 3.9.A.), are either not present or have a 
much lower concentration when analyzing samples from week IV (Figure 3.9.B.). 
The degradation of these proteins, some of which could be identified as variants of 
β-CN (after comparison with protein standards) leads to a further simplified 
chromatographic profile at retention times higher than approximately 80 min. 
Furthermore, at retention times comprised between 60 and 78 min, corresponding 
to a region of the chromatogram where the αS-CN isoforms are eluted, the 
complexity of the analysis is higher for caseins from week IV than for caseins from 
basal skim milk. 
At this point, we hypothesize a possible stabilizing role exerted by the lipidic 
fraction in inhibiting casein degradation in whole milk, effect which is not possible 
in skim milk and which only partially occurs in semi-skimmed milk. This 
phenomenon provides an interesting starting point for further investigation on the 
role of the lipidic fraction in milk stabilization. It should be noted, in fact, that 
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lipids undergo an important degradation leading to higher acidity of expired milk. 
Nevertheless, the presence of lipids probably plays a stabilizing role for the casein 
micelles, showing that further indepth studies of the lipidomic profile of bovine 
milk are necessary to better understand their importance in the constitution of the 
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Figure 3.8. Chromatographic profile of casein fraction extracted from basal whole, semi-
skim and skim milk and at weeks I–IV from expiry date. Column: Protein-Cap-RP-Lauryl-
γ-Monolithic (27 cm × 0.250 mm, L. × I.D.). Elution: from 20% to 40% of mobile phase B 
with a 60-min gradient time; flow rate: 10 μL/min. Tcol = 60 °C. UV detection at 214 nm. 
See Section 3.2.4.2 for full experimental details. 
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Figure 3.9. High-resolution (HR-Cap-LC) chromatogram of casein fraction of basal skim 
milk (A) and of casein fraction extracted at week IV from skim milk (B) using a 50-cm long 
Protein-Cap-RP-Lauryl-γ-Monolithic column (0.250 mm I.D.). Elution: 120-min gradient 
from 15% to 45% of mobile phase (B); flow rate: 7 μL/min. Tcol = 60 °C. UV detection at 
214 nm. Full experimental details in Section 3.2.4.3. 
 
 
3.3.5. Cap-LC–HRMS analysis of week IV casein fractions 
Figure 3.6. shows the total ion current chromatograms obtained through Cap-LC–
HRMS during the analysis of week IV caseins deriving from skim milk. A 60 min 
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gradient elution from 15% to 45% of mobile phase B (acetonitrile/water 95/5, v/v, 
0.1%, v/v, TFA) was operated on the 50-cm long Protein-Cap-RP-Lauryl-γ-




Figure 3.10. Total ion current chromatogram (Cap-LC–HRMS analysis) of casein fraction 
extracted at week IV from skim milk (B) using a 50-cm long protein-Cap-RP-lauryl-γ-
monolithic column (0.250 mm I.D.). Elution: 60-min gradient from 15% to 45% of mobile 
phase (B); flow rate: 7 μL/min. Tcol = 60 °C. UV detection at 214 nm. LTQ Orbitrap MS 




Three main regions were identified in the TIC chromatogram: a first one at 
retention times comprised between 24 and 39.5 min approximately (indicated in 
red, peaks 1–4), a second one comprised between 39.5 and 42 min (indicated in 
blue, peak 5) and a third one characterized by peaks eluting between 42 and 47 min 
approximately (in green, peak 6). 
Mass spectra of main peaks identified within region 1 are shown in Figure 3.11., 
together with most significant mass/charge (m/z) values and charges (z) observed. 
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Xtract high resolution deconvolution of spectra of peaks 1–4 reported in Figure 
3.11., lead to exact measured monoisotopic molecular masses in the range of Mr = 





Figure 3.11. Mass spectra of peaks 1–4 in region 1 in TIC chromatogram reported in 
Figure 3.10. Instrument: LTQ Orbitrap MS ESI (+) detector. R = 60,000, mass range: 
1000–3000; maximum injection time: 100 ms for 1 microscan. 
 
 
In more detail, at least six principal exact masses were detected, as reported in 
Table 3.1.  
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Table 3.1. Exact measured monoisotopic molecular masses of peaks 1-4 reported in 
Figure 3.11. (see text). Monoisotopic exact molecular masses were obtained by 
deconvolution of high resolution mass spectrum 5 in Figure 3.11. using Xtract software. 
 
 
Mass Spectrum Measured Mr (Da) 
1 12189.2012 12265.1659 







The peaks eluted between 24 and 39.5 min were not present when analysing 
caseins of basal skim milk, as shown during the degradation studies (see Figures 
3.8. and 3.9.), and were likewise absent during Cap-HPLC–MS analysis of the 
same fraction. Furthermore, peaks imputable to β-CN were missing in the third 
region of the chromatogram in Figure 3.10. during the analysis of caseins extracted 
from expired (week IV) skim milk, as also shown in degradation studies in section 
3.3.4. These peaks were, on the other hand, present in the analysis of caseins 
extracted from basal skim milk, as observed both through Cap-HPLC–UV (Figures 
3.8. and 3.9.) and Cap-LC–MS.  
The mass spectrum of peak 6 confirmed the lower concentration of β-CN in the 
week IV sample (see Figure 3.12.). 
A time- and temperature-dependent denaturation of β-CN has already been 
reported in literature, with different authors describing the formation of proteose–
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peptones from the C-terminal fraction of the protein 
[41–44]
. As early as 1979, Eigel 
showed that fragments with approximately the correct molecular weights and 
similar electrophoretic mobilities to γl-A2, γ2-A2 and γ3-A are formed by in vitro 
proteolysis of β-CN-A2 promoted by bovine plasmin 
[45]
. Later, Andrews was able 
to prove that some of the smaller proteins present in the PP fraction of milk derive 
from the N-terminal of β-CN after proteolysis, suggesting that the remaining C-
terminal constitute the earlier reported γ caseins 
[46]
. 
Mass ranges present in literature for both the PPs deriving from the N-terminal and 
proteins deriving from the C-terminal of β-CN are similar to the mass range of 
peaks 1–4 present in region 1. In fact, PP component 5 (deriving from N-terminal), 
isolated from bovine milk, has molecular weight values within the range of 12,000 
Da -13,500 Da, as showed by sedimentation equilibrium, 
dodecylsulphate/polyacrylamide gel electrophoresis and gel filtration in urea-
containing buffers 
[46]
, while proteins of molecular weight around 9900 could also 
derive from β-CN, although deeper structural and analytical investigations were 
necessary. It seems possible that these proteins derive from PP component 8. From 
the limited and timeworn literature data, it is thus possible to conclude that peaks 
1–4 derive from the degradation of β-CN. De Noni et al. more recently investigated 
the quantification of PP from both raw and pasteurized milk by HPLC 
[47]
, 
obtaining a similar chromatographic profile to the one observed in our lab, with the 
PP fraction eluted before the major caseins. The combined use of HPLC and MS 
allowed the identification of the PP deriving from the degradation of β-CN: 
molecular masses reported by this group in 2007 are included in the mass range 
experimentally observed in our studies. 
Finally, the second region of Figure 3.10. was investigated. The mass spectrum of 
peak 5 is depicted in Figure 3.13. This spectrum allowed the identification of αS1-
CN (see Figure 3.14. for deconvoluted spectra), thanks to the exact masses 
obtained through direct infusion of standards (see section 3.3.2.). The exact 
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monoisotopic molecular masses registered were comprised in the region of 
22,224.7167 Da and 23,884.9178 Da. Similarly, αS2-CN was present in this second 
region, with exact monoisotopic molecular masses in the range of 25,125.7136 Da–
26,846.1767 Da (see Table 3.2. and Figure 3.15.), corresponding to theoretical data 
contained in the range of 25,226–26,074 Da 
[1,20,39]
. Finally, we were also able to 
identify κ-CN isoforms (Figure 3.16.), with experimental exact monoisotopic 
molecular masses comprised between 18,934.5082 Da and 19,974.2953 Da, very 
similar to previously reported data 
[1,20]
. These results further demonstrate that 
these three proteins and their various isoforms are stable at room temperature after 
long period of times (4 weeks from expiry date) and do not undergo the proteolytic 
degradation displayed by β-CN. However, further studies need to be performed in 
this field to deeper understand the degradation mechanisms taking place and the 
reason for the pronounced instability of β-CN in comparison to the other caseins 
present in bovine milk. Finally, the early eluting minor proteins in expired skim 
milk need to be further characterized in order to obtain a complete identification 
with the already reported PP present in literature. Future studies should aim at fully 
understanding their origin as well as their potential role in milk, in terms of safety, 
nutraceutical and cheese-making properties. 
 
Table 3.2. Summary of monoisotopic exact molecular masses obtained by the 




Range of measured Mr 
(Da) 
Range of theoretical Mr 
(Da) 
Figure 
κ-CN 18,934.5082–19,974.2953 19,005–20,939 3.14. 
αS1-CN 22,224.7167–23,884.9178 23,487–23,739 3.15. 
αS2-CN 25,125.7136–26,846.1767 25,226–26,074 3.16. 
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Figure 3.12. Mass spectrum of peak 6 of TIC chromatogram in Figure 3.10. (see text). 
Instrument: LTQ Orbitrap MS ESI (+) detector. R = 60,000, mass range: 1000-3000; 
maximum injection time: 100 ms for 1 microscan. 
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Figure 3.13. Mass spectrum of peak 5 in region 2 in TIC chromatogram reported in 
Figure 3.10. Instrument: LTQ Orbitrap MS ESI (+) detector. R = 60,000, mass range: 












Figure 3.14. Range of exact molecular masses of αS1-CN. Monoisotopic exact molecular 
masses were obtained by deconvolution of high resolution mass spectrum 5 in Figure 3.13. 
using Xtract software. 
Chapter III: Analysis of bovine milk caseins on organic monolithic columns: an integrated 
capillary liquid chromatography–high resolution mass spectrometry approach for the 
study of time-dependent casein degradation 
 
- 108 - 
 
CASEINE4WEEKS_LC-MS2_XT_00001_M_ 7/3/2013 3:49:52 PM
CASEINE4WEEKS_LC-MS2_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.33E3
T: FTMS {1,1}  + p ESI Full ms [500.00-3000.00]




















































Figure 3.15. Range of exact molecular masses of αS2-CN. Monoisotopic exact molecular 
masses were obtained by deconvolution of high resolution mass spectrum 5 in Figure 3.13. 












Figure 3.16. Range of exact molecular masses of κ-CN. Monoisotopic exact molecular 
masses were obtained by deconvolution of high resolution mass spectrum 5 in Figure 3.13. 
(see text) using Xtract software. 
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T: FTMS {1,1}  + p ESI Full ms [500.00-3000.00]
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In the present study, new lab-made organic monolithic capillary columns were used 
to analyze caseins extracted from commercially available pasteurized bovine milk 
samples, in an integrated capillary HPLC and high-resolution mass spectrometry 
approach. The lab-made monolithic capillary columns are characterized by 
excellent permeability and reproducibility, as well as remarkable biocompatibility, 
making them excellent candidates for the separation of intact proteins. Commercial 
standard caseins (αS-CN, β-CN and κ-CN) were eluted through Cap-HPLC–UV on 
the lab-made Protein-Cap-RP-Lauryl-γ-Monolithic column (270 mm × 0.250 mm, 
L. × I.D.) and on two packed C4 columns (ACE 3 and Jupiter, 150 mm × 0.300 
mm, L. × I.D.) to compare resolution. The results obtained on the monolithic 
capillary column encouraged its use in degradation studies of casein fractions 
extracted from bovine milk samples at 1–4 weeks after expiry date. In particular, it 
was observed that the degradation of casein protein was more evident in skim milk 
when compared to whole milk, with semi-skim milk showing an intermediate 
degradation pattern, suggesting a stabilizing role of the lipidic fraction towards the 
milk caseins. A 50-cm long monolithic column was then used to obtain higher 
resolution of casein fractions, both through UV detections and through HR-MS 
detection. Cap-LC–HRMS analysis of caseins extracted from skim milk at week IV 
from expiry date confirmed the degradation of β-CN and the contemporary 
presence of low-molecular-weight proteins with exact monoisotopic Mr between 
9,444.0989 Da and 14,098.9861 Da, eluted before κ-CN. 
These peptides presumably correspond to the proteose–peptones typically deriving 
from the proteolytic degradation of β-CN. The Cap-LC–HRMS analysis was finally 
sustained by direct infusion of casein standards that produced high resolution mass 
spectra of αS-CN and β-CN, later used for protein identification in LC–MS. 
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Abstract  
Milk is a rich source of bioactive peptides of great interest for their healthy 
properties.  
These peptides are usually encrypted in the sequences of proteins and are released 
after time dependent proteolysis as very complex hydrolysates. 
In order to separate and identify the bioactive sequences, we developed an on-line 
comprehensive two dimensional liquid chromatography approach using the high 
performance combined with the ultra high performance conditions. A microbore 
reversed phase (C18 silica, 5 μm) column was employed in first dimension, while, 
in second dimension, two different UHPLC columns, packed with C18 silica, were 
tested: a new column based on monodisperse sub-2 μm fully porous particles with 
high surface area (50 mm × 3.0 mm, 1.9 μm d.p., from Supelco), and a column 
based on sub-2 μm core-shell particles (50 mm × 3.0 mm, 1.7 μm d.p., from 
Phenomenex®). Both set-ups were compared, showing high peak capacity values 
with respect to a high efficiency monodimensional method, maintaining the same 
analysis time. Satisfactory selectivity was obtained through the use of different pH 
between the two dimension, while a very fast continuous shifted gradient in second 
dimension ensured a good employment of the 2D separation space. 
 
Keywords 
Sub-2 μm particles, totally porous monodisperse particles, core-shell, RP × RP, 
whey protein, peptides. 
 
Abbreviations 
β-Casomorphins, β-CMs; Capillary-Liquid Chromatography-High Resolution 
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Bovine milk proteins represent a very complex biological matrix, that possesses not 
only an important nutritional value but has a deep connection with many 
physiological processes. Milk proteins, which are constituted by two major families 
of proteins: caseins (insoluble) and whey proteins (soluble), are involved in a wide 
range of biochemical mechanisms, and exert many activities including: 
immunomodulatory, anti-hypertensive, anti-bacterial, opioid and also anti-
carcinogenic 
[1]
. The beneficial health effects are related to the bioactive peptides, 
encrypted in the amino-acid sequence of milk proteins. These peptides are latent 
until released by enzymatic proteolysis that occurs from bacterial activity or in the 
gastrointestinal digestion 
[2]
. Fermented milk is a rich source of bioactive peptides; 
in fact the proteolytic system of bacteria, mainly endopeptidases and 
exopeptidases, enhances the degradation and leads to the release of peptides having 
various regulatory functions 
[3]
. The identification of bioactive peptide sequences is 
an important step to understanding the biological function of these compounds and 
their possible employment in nutraceutical formulations as well as in enriched and 
personalized milks. Milk protein hydrolysates represent a complex sample 
containing up to 103 different peptides and, their identification is a challenging 
task. A variety of methods are employed to analyze milk peptides and proteins: 
electrophoretic techniques such as 2D-GE, CZE or gel free techniques like HPLC 
[4,5]
. Among these, HPLC allows rapid and automated analysis, high resolution, 
repeatability and easy hyphenation with mass spectrometry, which is the workhorse 
in the field of protein analysis. Despite the huge improvements in MS analyzers 
technology, which are more and more sensitive and accurate, front-end separation 
techniques are still essential in order to not overwhelm the mass spectrometer 
source and prevent ion suppression phenomena which lead to impaired detection of 
low abundant peptides 
[6]
.  
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Finally, in this regard monodimensional approaches usually cannot provide 
adequate values of resolution and more often two dimensional liquid 
chromatography methods are employed. 2D-LC, operated in the “comprehensive” 
mode (LC × LC), is the best way to obtain high values of peak capacity. In this 
approach the entire eluate from first dimension (1D) is continuously collected and 
injected on-line into the second dimension (2D) through an interface, usually 
represented by a multiport switching valve. Many on-line LC × LC systems have 
been developed for peptide analysis using a combination of separation techniques 
[7-9]
. Among them, RP × RP represents the combination that provides the highest 
practical peak capacity values 
[10,11]
. Recently, comprehensive LC × LC using RP × 
HILIC and HILIC × RP was described as very promising for its high degree of 
orthogonality 
[12]
. Furthermore in HILIC mode, highly organic mobile phases 
provide high desolvation efficiency, thus better coupling with ESI-MS detection 
[13]
. The development of sub-2 μm stationary phases and instruments capable of 
higher pressure limits led to the rapid expansion of ultra high performance liquid 
chromatography methods, characterized, with respect to conventional HPLC 
methods, by superior resolution and very short analysis time. Nowadays, the 
employment of UHPLC conditions in LC × LC has proved to be a valuable tool in 
terms of speed and performance for the separation of pharmaceutical samples, 
complex natural matrices, polyphenols and polymers 
[14-17]
.  
This is why, in the present work, the described technique has been used to study the 
degradation pattern of low-medium molecular weight peptides derived from 
soluble fraction of semi-skimmed milk after four weeks. For this purpose, after an 
ultrafiltration through centrifugal filters with different cutoff and subsequent SPE, 
the peptide fraction with molecular weight < 3,000 Da was collected. A 
comprehensive RP × RP platform, consisting of a microbore (5 μm, 1.0 mm I.D.) 
C18 column in 1D, and in 2D, was developed while two different sub-2 μm (3.0 
mm I.D.) stationary phases were investigated, based on 1.9 μm totally porous 
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monodisperse particles, and 1.7 μm core-shell column, respectively. The two 
dimensions were coupled through an ultra high pressure 10 port-two position 
switching valve and two different modulation times (60 s and 45 s) were used 
together with a 2D shifted gradient in order to maximize the peak capacity. 
Different pH conditions of mobile phase were used in the two dimensions (basic in 
1D and acidic in 2D) allowing significant selectivity, despite the employment of 
the same separation mode (RP). Results were compared with those obtained with a 
high efficient monodimensional separation with the same analysis time, and 
corrected taking into account both the under-sampling effect, and the orthogonality 
of the system developed. Results obtained highlighted the effectiveness of the LC × 
UHPLC analysis system developed, presenting itself as a valuable tool, for the 
study of time dependent degradation of proteins belonging to the soluble fraction 
milk. 
 
4.1.1. Aim of work 
In the last year of my PhD, the degradation pattern of the soluble fraction of milk 
samples stored at room temperature, after expiration date, was analyzed in order to 
identify a time window for the recovery of bioactive molecules. 
With the aim to extend the time-dependent degradation study also at the soluble 
fraction of milk, a LC × UHPLC platform was developed. The new 2D 
chromatographic system allows high values of resolution and peak capacity for the 
separation of the peptides derived from milk soluble fraction after four weeks from 
the expiration date. These peptides, mainly in the low-medium molecular weight 
range, represent a rich source of bioactive peptides and may be used in the 
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4.2. Materials and methods 
 
4.2.1. Chemicals  
Ultra pure water (H2O) was obtained by a Direct-8 Milli-Q system (Millipore, 
Milan, Italy), LC-MS grade acetonitrile (ACN) and additives formic acid 
(HCOOH), ammonium acetate (CH3COONH4), TFA, reagent grade glacial acetic 
acid (CH3COOH) and 1 M sodium-acetate (CH3COONa) solution, the standard 
peptide mixture and the small molecule test mixture were all purchased from 
Sigma Aldrich (St. Louis, Mo, USA). Centrifugal Filter Devices Amicon®Ultra-4 
3 K and 10 K and Strata C18-SPE cartridge were purchased by Millipore© and 
Phenomenex® (Castel Maggiore, Bologna, Italy), respectively, while filter paper 
Whatman® 540 from Sigma Aldrich. 
 
4.2.2. Sampling and sample preparation  
Commercial samples of semi-skim milk from Centrale del latte di Salerno (Salerno, 
Campania, Italy) were analyzed; samples were stored at room temperature and the 
corresponding peptide fractions, generated by enzymatic hydrolysis in the products 
during fermentation, were extracted at four weeks after expiration date. Samples 
were prepared by separating the residual fat fraction from expired semiskim milks: 
50 mL of milk were subjected to centrifugation at 4000 × g for 30 min at 4 °C 
(Mikro 220R, Hettich, Germany). To harden the cream, the tubes were kept at −20 
°C for 10 min and finally the cream was removed. Skim milk sample was diluted 
with distilled water (1:10, v/v) and the solution thus obtained was shake vigorously. 
The caseins were removed from skim milks by precipitation at pH 4.3 (20 °C) with 
addition of glacial acetic acid (10% v/v) and 1 M sodium-acetate solution. The 
acidified milk was centrifuged for 15 min at 3000 × g (20 °C) and subsequently the 
precipitated caseins were eliminated by double filtration using, firstly by filter 
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paper (particle retention 22 μm) for retention of coarse and gelatinous precipitates 
and subsequently again by filter paper (8 μm), to a final volume of 40 mL.  
The soluble fraction thus obtained was analyzed by Capillary HPLC-UV and 
Capillary-LC-HRMS and subsequently the whey was processed to collect the low-
medium molecular weight peptides (see afterwards). 
 
4.2.3. Peptides isolation 
The supernatant of skimmed milk samples were ultra-filtered by Millipore‟s 
Amicon®Ultra-4 centrifugal filter devices at different cutoffs. A preliminary 
filtration was carried out for all the samples using filters with 10,000 NMWL and 
subsequently 4 mL of permeate were loaded on devices with 3000 NMWL. The 
devices were centrifuged for 40 min at 6000 rpm at 25 °C, using a centrifuge with 
fixed angle rotor (35 °). In order to recover the peptides, devices were washed with 
4 mL of acidified water at pH 3.0 by formic acid. A peptide fraction of about 3,5 
mL, with molecular weight <3000 Da was collected, filtered through a 0.45 μm 
pore cellulose membrane (Millipore©) and lyophilized for 24 h (LyoQuest-55, 
Telstar Technologies, Spain). This fraction was solubilized in 0.1% (v/v) aqueous 
TFA, and purified from salts and sugars with a Strata C18-E cartridge 
(Phenomenex®), previously equilibrated in 0.1% v/v TFA, then eluted with 
70/30/0.1 ACN/water/TFA (v/v/v) and finally re-lyophilized and stored at −20 °C. 





4.2.4.1. Organic monolithic column 
The degradation of whey proteins fractions at different times (week I-IV) after 
expiring date was investigated by injecting the soluble fractions on a Protein-Cap-
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RP-Lauryl-γ-Monolithic lab made column (250 × 0.250 mm, L. × I.D.) prepared 
following the protocol reported in section 3.2.3. 
 
4.2.4.2. HPLC columns 
For high efficiency monodimensional comparative analysis two Titan
TM
 100 mm × 
2.1 mm 1.9 μm (80 Å) (Supelco, Bellefonte, PA, USA), and two Kinetex
TM 
100 + 
50 × 2.1 mm, 1.7 μm (Phenomenex®) were employed; the columns were placed in 
series by a 6 cm × 0.100 mm I.D. viper capillary (Thermo Fisher Scientific, Milan, 
Italy). 
In LC × UHPLC analysis a Discovery®C18 Bio Widepore 150 mm × 1.0 mm, 5 
μm (300 Å) from Supelco was used in 1D of the LC × UHPLC system. In 2D two 
different columns were tested: the Kinetex
TM
 C18 50 mm × 3.0 mm, 1.7 μm (100 
Å) from Phenomenex® and a Titan
TM
 C18 50 mm × 3.0 mm, 1.9 μm (80 Å) from 
Supelco. Moreover a Kinetex
TM
 C18 50 mm × 3.0 mm, 2.6 (100 Å) from 
Phenomenex® was used for comparison purpose in kinetic performance evaluation. 
 
4.2.5. Evaluation of column perfomances 
4.2.5.1. Instrumentation  
The monolithic column was characterized in terms of efficiency and permeability 
by HPLC system (Model UltiMate LPG-3000, Dionex, Sunnyvale, CA, USA), 
equipped with two low-pressure gradient micro-pumps (Model DGP-3600M), a 
vacuum degasser (Model DG-1210), a micro-autosampler (Model WPS-3000TPL) 
equipped with a 5 μL loop, and a UV-detector (Model VWD-3100, cell 20 nL).  
For the evaluation of kinetic performances of the sub-2μm columns a Waters 
Acquity UPLC (Waters, Millford, MA, USA) was employed, consisting of a binary 
solvent manager, a column heater (from 4 to 65 °C) and a Waters 2996 PDA 
detector with a 500 nL flow cell. To reduce the extra-column volume nano viper 
capillaries of 250 mm × 0.075 mm L. × I.D. (internal volume: 1.10 μL) were used 
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(Thermo Fisher Scientific, Milan, Italy). The total extra-column volume was 
determined injecting uracile by using a zero dead volume union and was estimated 
in 4.11 μL. The instrument variance, calculated at peak width half height, ranges 
from 0.58 to 0.87 μL
2
 (from 0.1 to 2.0 mL/min). 
 
4.2.5.2. Chromatographic conditions: kinetic evaluation of monolithic column 
The organic monolithic column was characterized in terms of efficiency and 
permeability using a set of small molecule probes [1) uracile, 2) phenol, 3) 
benzaldehyde, 4) nitro-benzene, 5) benzene, 6) toluene, 7) ethyl-benzene, 8) n-
propyl-benzene 9) n-butyl-benzene, 10) n-pentyl-benzene] eluted with 
CH3CN/H2O, 60/40 (v/v) as mobile phase at different flow rates and a fixed 
temperature of 25 °C. 
 
4.2.5.3. Efficiency evaluation of sub-2 μm columns 
The van Deemter analysis and Poppe plot were used to compare the efficiency of 
the three tested columns and data fitting of the curves was performed using Origin 
6.0 software. Mobile phase used was composed by ACN/H2O; 60/40, v/v; 
(viscosity given as (ƞ): 0.59 × 10
−3
 Pa s at 35 °C) and column oven was set at 35 
°C. The UV wavelength detector was set at 214 nm, while detector parameters 
were as follows:  
- Sampling rate: 80 points/s;  
- Resolution: 4.8 nm;  
- No filters.  
A volume of 0.5 μL was injected for each analysis. Plots were produced using a 
mixture of test compounds solubilized in mobile phase. The number of theoretical 
plates was calculated according to the European Pharmacopeia, using peak width at 
half height as implemented in the software. 2D columns were also tested with 
peptides < 3,000 Da fraction in fast gradient elution using (A) H2O/ACN 95/5 (v/v) 
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+ 0.1% (v/v) TFA; (B) ACN/H2O 95/5 (v/v) + 0.1% (v/v) TFA as eluents and a flow 
rate of 1.5 mL/min. The column oven was set 40 °C and the gradient for both 
column was: 0-5 min, 0-15% B, 5-10 min, 15-40% B, hold for 2 min at 40% B. 
 
4.2.6. Analysis of soluble fractions 
4.2.6.1. Analysis of whey proteins by Cap-HPLC-UV  
Whey proteins extracted at different weeks (I-IV) after expiring date was 
investigated by injecting the soluble fraction previously described on a 25-cm-long 
lab-made monolithic column and a trapping column (Protein-Cap-RP-Lauryl-γ-
Monolithic column, 50 mm × 0.200 mm, L. × I.D.). The chromatographic system 
used was the UltiMate LPG-3000 instrument. 
The mobile phases A and B consisted of 95/5 water/acetonitrile (v/v) and 5/95 
water/acetonitrile (v/v), respectively. Both mobile phases were acidified with 0.1% 
v/v TFA.  
Load-trapping injection mode was performed using a 10-port switching valve, as 
described earlier. The sample was dissolved in mobile phase A and was pumped 
into the loading column (valve in position 10_1) using the L.P., at a flow rate of 10 
μL/min, during 5 min. It was then transferred to the separation column (valve in 
position 1_2) using the μ.P. with a linear gradient of mobile phase B at a flow rate 
of 10 μL/min. Finally, suitable column regeneration and equilibration was 
performed before starting a second analysis. A 65-min gradient elution from 10% 
to 35% of eluting mobile phase (B) was used. The column temperature was set at 
60 °C. Injection volume of samples was 0.5 μL. The UV detector was set at a time 
constant of 0.10s and a data collection rate of 40Hz. UV detection was performed 
at 214 nm. Chromatographic data were collected and processed with Chromeleon 
6.8 (Dionex, Sunnyvale, CA, USA). 
 
 
Chapter IV: Evaluation of two sub-2 μm stationary phases, core–shell and totally porous 
monodisperse, in the second dimension of on-line comprehensive two dimensional liquid 
chromatography, a case study: separation of milk peptides after expiration date 
 
- 128 - 
 
4.2.6.2. Analysis of whey proteins by Cap-LC-MS 
Mass spectrometry detection was performed on an Exactive Orbitrap Mass 
spectrometer (Thermo Fisher Scientific, San José, CA, USA), using a mass range 
of 500-4000 m/z. A resolution of 10,000 in positive ESI mode was used with a 
sheath gas flow of 15.0 units, an auxiliary gas of 5 units and a spare gas of 4.0 
units. Spray voltage was set at 2.3 kV, capillary voltage at 30 V, skimmer voltage 
at 25 V, capillary temperature at 275 °C and tube lens voltage at 240 V. Mass 
spectra were collected and processed using Xcalibur software and deconvoluted 
mass spectra were obtained by using Xtract. 
 
4.2.7. 1D and LC × UHPLC analysis of peptides 
4.2.7.1. Instrumentation 
1D and LC × UHPLC analyses were performed on a Shimadzu Nexera LC-30A 
(Shimadzu, Milan, Italy), consisting of a CBM-20A controller, four LC-30AD 
dual-plunger parallel-flow pumps, a DGU-20 AR5 degasser, an SPD-M20A PDA 
detector (equipped with 2.5 μL detector flow cell volume), a CTO-20AC column 
oven, a SIL-30AC autosampler. The two dimensions were connected by a ultra 
high pressure 10 port-two position switching valve with micro-electric actuator 
(model FCV-12 AH, 1.034 bar; Shimadzu, Kyoto, Japan), placed inside the column 
oven and equipped with two identical 0.254 mm I.D. stainless steel sample loops 
(22 μL each) to alternatively collect and deliver fractions from 1D to 2D. Two 
mixers were housed inside the column oven too and were 180 μL and 40 μL for 1D 
and 2D, respectively. A 55 cm × 0.100 mm I.D. stainless steel tubing was used to 
connect the autosampler to 1D column, while a 10 cm × 0.100 mm I.D. viper 
capillary was used to connect the 10 port switching valve with 2D column (Thermo 
Fisher Scientific, Milan, Italy). All other connections were 0.100 mm I.D. and kept 
of the shortest length possible. A total extra-column volume of 28.6 μL was 
determined injecting toluene by using a zero dead volume union in place of the 
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column. Both dimensions and the switching valve were controlled by the LCMS 
solution® software (Version 5.54, Shimadzu). The instrument was coupled online 
with a LCMS-IT-TOF (Shimadzu) equipped with an electrospray source operated 
in positive mode. The LC × LC data were visualized and elaborated into two and 
three dimensions using Chromsquare® ver. 1.5.01 software (Chromaleont, 
Messina, Italy). 
 
4.2.7.2. Chromatographic conditions: comparative high efficiency 
monodimensional (1D) analysis 
1D analysis were carried out with the following parameters: the mobile phases (A) 
and (B) consisted of water and acetonitrile respectively, and were buffered with 
0.1% (v/v) of TFA. The selected gradient: 0-70 min, 0-30% B, 70-85 min, 35-45% 
B, 85-90 min, 45-90% B. A flow rate of 0.6 mL/min was employed and the column 
oven was set at 60 °C. The PDA detector parameters were: sampling rate 12.5 Hz, 
time constant 0.1 s, wavelength 220-214 nm. A volume of 3 μL was injected. 
 
4.2.7.3. Chromatographic conditions: LC × UHPLC (set-up 1 and 2) 
1D mobile phase was (A): 10 mM CH3COONH4 in water (adjusted at pH 8.9 with 
NH4OH), (B): ACN. The employed gradient was: 0-5 min, 0% B, 5-20 min, 0-35% 
B, 20-85 min, 35-50% B, 85-90 min, 50-95% B. Flow rate was set at 20 μL/min. 
Column oven was set at: 25 °C. 2 μL were injected. 2D mobile phase was (A) 0.1% 
TFA in water pH
w
 2 v/v, (B) ACN (plus 0.1% TFA) v/v pH
a
 2. Gradient was 
operated in continuous shifting mode as depicted in Figure 4.1. Flow 2.5 mL/min. 
Column oven was set at 60 °C. PDA detection parameters were: sampling rate 100 
Hz, time constant 0.025 s, wavelength 220-214 nm. Two modulation times were 
tested: 60 s (condition a), 45 s (condition b) corresponding to an injection volume 
of 20 and 15 μl, respectively. 
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Figure 4.1. Expansion of software window showing the 
2
D continuous shifted gradient. 
 
 
4.2.8. Identification of peptides  
The identity of peptides extracted was assessed by 1D-LC-ESI-IT-TOF, with the 
following parameters:  
ESI
+
, curve desolvation line (CDL) 200 °C, Block Heater 200 °C, Nebulizing gas 
1.5 L/min, Interface Voltage + 4.5 kV, Drying gas 100 kPa. MS: Scan 200-2000 
m/z, Ion trap repeat: 3, ASC 70%. MS/MS: data dependent mode, precursor ion 
triggering at BPC: 150,000, scan 150-2000. Exclusionion: by list. CID 50%, 
Energy 50%. 
The Instrument was tuned with a Sodium trifluoroacetate solution, in automatic 
mode. Sample: Semi-skimmed milk T4. The data were elaborated with the Protein 





Chapter IV: Evaluation of two sub-2 μm stationary phases, core–shell and totally porous 
monodisperse, in the second dimension of on-line comprehensive two dimensional liquid 
chromatography, a case study: separation of milk peptides after expiration date 
 
- 131 - 
 
4.3. Results and discussion 
 
4.3.1. Analysis of whey proteins present in bovine milk 
4.3.1.1. Kinetic and thermodynamic evaluation of monolithic column 
The Protein-Cap-RP-Lauryl-γ-Monolithic column (250 × 0.250 mm L. × I.D.) was 
characterized in terms of efficiency and permeability. Flow resistance properties of 
the monolithic columns were observed by monitoring the pressure drop across 250 
mm length columns at different flow-rates using a water/acetonitrile 40/60 (v/v) 
mobile phase. Strictly linear plots were obtained for a linear velocity range 
extending from 1.00 to 3.00 μL/min, indicating complete absence of compression 
phenomena of the monolith in response to pressure stress (Figure 4.2.).  
The column permeability K0 was calculated according to equation (1), where μ0 
represents the linear flow velocity, η is the viscosity of the solvent, L is the column 
length, Φ is the flow rate and ΔPc is the pressure drop across the column.  
 





Assuming viscosity value as η = 0.72 × 10
−3





, with a total porosity ɛT = 0.72, as calculated by equations 2 and 3, 
where KF represents the specific permeability and r is the radius of column. 
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The good permeability obtained allowed the use of high eluent flow-rates under 
“high speed” conditions, and could, in principle, be used for the preparation of 




Figure 4.2. Chromatographic characterization and efficiency test of Protein-Cap-RP-
Lauryl-γ-Monolithic column (250 × 0.250 mm L. × I.D.). (A): Φ: 3.00 μL/min, ΔPc: 817 
psi; (B) Φ: 2.00 μL/min, ΔPc: 523 psi; Φ: 1.00 μL/min, ΔPc: 287 psi. 
 
The lowest achievable plate height Hmin and the corresponding optimal linear 
velocities (Figure 4.3.) were calculated from the van Deemter equation (4), where 
A represents the eddy diffusion (6.06 μm
2
), B/μ is longitudinal diffusion (1.11 μm
2 
/ms) and C · μ is the mass transfer (4.84 ms): 
 
H = A + 
𝐵
𝜇
 + C · μ  
(4) 
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A value of Hmin= 10.6 μm (N/m = 99,200), corresponding to optimum linear 
velocity μopt = 0.47 mm/s, and optimum superficial linear velocity μSF,opt = 0.34 




Figure 4.3. Experimental van Deemter for n-pentyl-benzene, column: Protein-Cap-RP-
Lauryl-γ-Monolithic column (250 × 0.250 mm, L. × I.D.). Mobile phase: ACN/H2O; 60/40, 
v/v; ƞ: 0.72 × 10
−3
 Pa s at 25 °C. Column oven: 25 °C; Detection: UV at 214 nm. Injection 
volume: 50 ƞL. 
 
 
4.3.1.2. Analysis of whey proteins in Cap-LC-UV and Cap-LC-HRMS 
For the chromatographic characterization of the whey proteins a monolithic support 
previously developed was used as stationary phase, allowing a good separation and 
efficient identification of the main proteins both using data gathered from literature 
and analitycal parameters of commercially available standards (Figure 4.4.). 
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Figure 4.4. Chromatographic profile of whey fraction. Column: Protein-Cap-RP-Lauryl-γ-
Monolithic (250 × 0.250 mm, L. × I.D.); Pre-column: Protein-Cap-RP-Lauryl-γ-
Monolithic (50 × 0.200 mm, L. × I.D.). Elution: from 10% to 35% of mobile phase B with 
a 65-min gradient time; flow rate: 10 μL/min. Tcol = 60 °C. UV detection at 214 nm. See 
Section 4.2.6.1. for full experimental details. 
 
 
The identity of whey proteins was confirmed by Cap-LC-MS studies. Figure 4.5. 
shows the total ion current (TIC) chromatograms obtained through Cap-LC-HRMS 
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Figure 4.5. Total ion current of whey fraction using a 250 cm long protein-Cap-RP-
Lauryl-γ-Monolithic column (0.250 mm I.D.). Elution: 70-min gradient from 15% to 45% 
of mobile phase (B); flow rate: 10 μL/min. Tcol = 60 °C. Exactive Orbitrap MS-ESI (+) 
detector. R = 10,000, mass range: 500-4000 amu. Full experimental details in Section 
4.2.6.2. 
 
Monoisotopic and averaged molecular masses values reported in Figure 4.6. and 
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Figure 4.6. Mass spectrum of peaks A in TIC chromatogram of whey protein. 
Monoisotopic exact molecular masses were obtained by deconvolution of high resolution 
mass spectrum in Figure 4.5. using Xtract software. Averaged molecular masses are 
reported, determined by matching the measured isotopic pattern to a calculated isotope 
pattern obtained from the elemental composition of an average hypothetical amino acid. 
 
 
Figure 4.7. Mass spectrum of peaks B in TIC chromatogram of whey fraction. 
Deconvoluted spectra of BSA obtained using the Promass software.  
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The deconvolution of mass spectra reported in Figure 4.8. and 4.9., corresponding to two 




Figure 4.8. Mass spectrum of β-Lactoglobulin B. Monoisotopic exact molecular masses 











Figure 4.9. Range of exact molecular masses of β-Lactoglobulin A. Monoisotopic exact 
molecular masses were obtained by deconvolution of high resolution mass spectrum in 
Figure 4.5. using Xtract software. 
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4.3.1.3. Cap-LC-UV analysis of whey proteins extracted from semi-skim milk after 
expiration date. 
Commercial samples of milk from CdLdS were preserved at room temperature and 
the corresponding soluble fractions, were extracted and analyzed at different weeks 
(weeks I–IV) after expiration date. In Figure 4.10. the chromatographic profile of 




Figure 4.10. Chromatographic profile of whey fraction extracted from semi-skimmed milk 
at weeks I-IV from expiry date. Column: Protein-Cap-RP-Lauryl-γ-Monolithic (25 cm × 
0.250 mm, L. × I.D.). Elution: from 10% to 35% of mobile phase B with a 70-min gradient 
time; flow rate: 10 μL/min. Tcol = 60 °C. UV detection at 214 nm. See Section 4.2.6.1. for 
full experimental details. 
 
The chromatographic profile of T0 milk (black line) corresponds to the whey 
fraction extracted from milk before its expiring date, when the degradation of 
proteins due to milk acidity and bacteria is almost totally lacking. Comparing T0 
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milk with the soluble fractions at week I (red line) and week II (blue line), a very 
similar profile was obtained. 
In weeks III and IV (pink and green lines, respectively), the chromatographic 
profiles of the soluble fraction significantly change. In particular, there is an 
increment of peaks with lower retention times and a contemporary loss of peaks in 
the area of the chromatogram between 50 and 55 min, where the different isoforms 
A and B of β-Lactoglobulin are eluted, witnessing a huge increase in major 
proteins degradation.  
The comparison of the UV chromatographic profiles of semi-skimmed milk show 
that α-Lactalabumin and Bovine Serum Albumin are stable at room temperature 
after long period of times (4 weeks after expiring date) while it is evident the 
degradation of β-Lactoglobulin. 
 
4.3.2. Analysis of peptides  
4.3.2.1. Kinetic and thermodynamic evaluation of 2D columns 
In online comprehensive LC × LC the sampling period is a crucial factor. Ideally, 
at least 3-4 fractions of each peak should be collected in the first-dimension and 
transferred in the second-dimension separation, to not incur in the “undersampling” 
effect 
[19]
. In this regard 2D separation should be as fast as possible, and thus, short 
very efficient column are required 
[20]
. In this work we compared the performance 
of two sub-2 μm commercial columns: a C-18 Kinetex
TM
 core shell and a C18-
Titan
TM
 fully porous monodisperse column. The RP Kinetex
TM
 column based on 
1.7 μm particles represents the second generation of stationary phases developed on 
core shell silica supports where the fused core technology meets the particles of 
sub-2 μm diameter 
[21]
. As a consequence of this, the 1.7 μm Kinetex
TM
 delivers 
efficiency gain compared to the 2.6 μm parent (black data for 1.7 μm column and 
green data for 2.6 μm column in Figure 4.11.A.) especially at higher linear 
velocities, realizing very fast separations with a limited loss of efficiency. Similar 
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trend of H vs μ plot was recorded for the fully porous monodisperse Titan
TM
 C18 
column, recently introduced in the market and deeper characterized by Gritti et al. 
[22]
. In particular, the lowest achievable plate height Hmin and the corresponding 
optimal linear velocities (μopt) were calculated from the van Deemter equation (4). 
A value of Hmin = 3.46 μm, corresponding to μ0opt = 4.73 mm/s, was found for the 
Titan
TM
 column, while the Kinetex
TM
 column slightly better performs at higher 
linear velocities having the coordinates of minimum (Hmin= 3.27 μm, μ0opt = 5.65 
mm/s) shifted in the right zone of the curve. In both cases, the sub-2 μm columns 
maintain high efficiency at linear velocities over 6.00 mm/s (≈ 1.3 mL/min).  
Kinetic performance data have been confirmed by Poppe plot (Figure 4.11.B.) 
[23]
. 
Again, in the short length/high velocities zone (bottom left corner in Figure 
4.11.B.) the two sub-2 μm columns showed very similar performances much better 
than 2.6 μm Kinetex. The comparable kinetic performances make these columns 
ideal supports for the second dimension of LC × UHPLC platform, where very fast 
separations are needed 
[6]
. Instead, a different behavior in terms of retention 
(thermodynamic parameter) was observed between the two columns. As shown in 
Figure 4.12. by eluting a mixture of small molecules, the retention factors of 
Titan
TM
 column were higher respect to the core shell counterpart. The effect, 
clearly evident from the fourth eluted peak, correlates with the higher surface area 
of fully porous particles. Being the speed of second dimension cycle time crucial, 
we eluted the peptides derived from the soluble fraction on both columns with a 
fast gradient (tg= 10 min) and high flow rates (1.5 mL/min) obtaining a complete 
analysis in less than 10 min (Figure 4.13.). Finally, to improve the analysis time of 
2D, a flow rate of 2.5 mL/min was selected, which was the best compromise in 
terms of resolution, re-equilibration time, and system backpressure. Taking into 
account the differences of kinetic (1.7 μm Kinetex
TM
 better performs) and 
thermodynamic (1.9 μm Titan
TM 
is more retentive) properties, the employ of 
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 column is preferred whit slightly larger injection volumes (20 μL respect to 





Figure 4.11. Experimental van Deemter (A) and Popple plot (B) for ethylbenzene, 
columns: (   ) Kinetex
TM
 C18 50 × 3.0 mm, 1.7 μm, (   ) Titan
TM
 C18 50 × 3.0 mm, 1.9 μm,  
(   ) Kinetex
TM
 50 × 3.0 mm, 2.6 μm. Mobile phase: ACN/H2O; 60/40, v/v; (viscosity given 
as (ƞ): 0.59 × 10
−3
 Pa s at 35 °C). Column oven: 35 °C; Detection: UV at 214 nm, 
sampling rate: 80 points/s; resolution: 4.8 nm; no filter. Injection volume: 0.5 μL. 
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Figure 4.12. Comparison of isocratic elution on the Kinetex
TM
 C18 50 × 3.0 mm, 1.7 μm 
(black line), Titan
TM
 C18 50 × 3.0 mm, 1.9 μm (red dotted line). Column oven: 35 °C; 
Detection: UV at 214 nm, Sampling rate: 80 points/s; resolution: 4.8 nm; no filter. 
Injection volume: 0.5 μL. Sample: small molecule mixture. Results are expressed as 




Figure 4.13. Comparison of a fast gradient elution on the Kinetex
TM
 C18 50 × 3.0 mm. 1.7 
μm (red dotted line), Titan
TM
 C18 50 × 3.0 mm, 1.9 μm (black line). Instrument: Waters 
UPLC; Detector: PDA; Cell: 500 nL; UV at 214 nm; Tcol: 40 °C; Vinj: 6.0 μL; Mobile 
phase: (A) H2O/ACN 95/5 v/v + 0.1% v/v TFA; (B) ACN/H2O 95/5 v/v + 0.1% v/v TFA; 
Flow rate: 1.5 mL/min. Sample: peptides < 3,000 Da fraction. 
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4.3.2.2. Preliminary search of chromatographic condition in both dimensions 
After the isolation of the peptide fraction of molecular weight < 3,000 Da through 
centrifugal filters 
[24]
, and subsequent enrichment and cleaning from contaminants, 
mainly oligosaccharides, by SPE, we firstly optimized the separation in the two 
dimension independently before tuning together. Since an RP × RP strategy was 
adopted, particular attention has been paid to several factors such as the 
orthogonality of the system, on-column peak focusing and fast 2D separation 
[11]
. 
In 1D, the choice of operating under basic pH was aimed to obtain selectivity with 
respect to 2D, carried out using acidic mobile phase, due to the changes in charge 
on amines and carboxylic acids 
[10]
. A microbore (1.0 mm I.D.) column was 
employed as 1D in order to inject small volumes in the second dimension and 
suppress band broadening phenomena 
[25-27]
 that can derive from the injection of 
large volumes in the second dimension, furthermore no flow splitting was 
necessary, thus avoiding possible loss of sensitivity and additional dispersion in the 
flow split. A flow rate of 20 μL/min gave the best results, in terms of peak overlap 
and separation. The separation in 2D was carried out a temperature of 60 °C for 
both columns to further speed the separation, shorten the re-equilibration times, and 
improve peak shapes. As expected, trifluoroacetic acid gave better peak shape, in 




4.3.2.3. Application of the LC × UHPLC approach to the separation of peptides of 
soluble fraction of milk 
In peptide mapping, when the amount of sample is limited, miniaturized separation 
techniques such as micro-nano HPLC, are necessary. However when sample is 
sufficient, UHPLC systems can be employed without loss of sensitivity 
[29,30]
, 
furthermore peak capacity in miniaturized system is often affected from delay 
volumes and extra-column volume contributions. In our approach we coupled a 
150 mm × 1.0 mm I.D. column with a 50 mm × 3.0 mm I.D. The small volumes 
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transferred from 1D to 2D ensured adequate peak focusing at the head of the 2D 
column. The choice of a 3.0 mm I.D. column was the best compromise between the 
sensitivity of a 2.1 mm I.D. column and the versatility of a 4.6 mm I.D. column, 
being less affected from extra-column band broadening effects, with respect to 2.1 
mm I.D. columns 
[31]
. Two different modulation times were tested, 60 and 45 s, 
corresponding to an injection volume of 20 and 15 μL of 1D eluent were 
transferred to 2D. We used 22 μL sampling loops in this method due to the fact that 
sampling loop must be slightly larger than the volume of the fraction being 
transferred, as previously reported in literature 
[32]
. Despite the employment of the 
same stationary phase in both dimensions good selectivity was ensured through the 
use of different pH, furthermore 2D was carried out with a shifted gradient 
approach, in which the mobile phase composition varies continuously according to 
the retention, this approach is particularly useful with LC × LC separations that 
possess partly correlated retention, such as RP × RP 
[33-35]
. Doing so, a better 
separation space coverage was obtained, with peaks not concentrated around the 
main diagonal line of the separation area, as can be observed from 2D maps, as 
well as good band compression (see afterwards). 
 
4.3.2.4. Performance evaluation and comparison of set-ups #1 and #2 
System parameters and comparison of performance, in peak capacity values, of 








Chapter IV: Evaluation of two sub-2 μm stationary phases, core–shell and totally porous 
monodisperse, in the second dimension of on-line comprehensive two dimensional liquid 
chromatography, a case study: separation of milk peptides after expiration date 
 
- 145 - 
 
Table 4.1. Peak capacity values for comparative monodimensional analysis and for 
comprehensive LC × UHPLC set-ups #1 and #2, values are corrected for both 
orthogonality and undersampling effect. 
 
 
Parameters Monodimensional 1D 
First dimension, 
LC × UHPLC 









Column geometry 2 × 100 × 2.1 mm, 1.9 μm 100 + 50 × 2.1 mm, 1.7 μm 150 × 1.0 mm, 5 μm 
Gradient 90 min, stepwise 90 min, stepwise 90 min, stepwise 
Flow rate 0.6 mL/min 0.6 mL/min 20 μL/min 
Temperature 60 °C 60 °C 25 °C 
nc 454 490 43.5 
Second dimension, LC × UHPLC 
2D 







Column geometry 50 × 3.0 mm, 1.9 μm 50 × 3.0 mm, 1.7 μm 
Gradient Continuosly shifted Continuosly shifted 
Flow rate 2.5 mL/min 2.5 mL/min 
Temperature 60 °C 60 °C 
Modulation time a 60 sec b 45 sec a 60 sec b 45 sec 
4σaverage 0.60 sec 0.57 sec 0.74 sec 0.52 sec 
nc 71 69 62 76 
Practical 2Dnc 1652 1872 1545 2056 
 
The first-dimension peak capacity in gradient conditions was calculated according 
to equation (5): 
 
1
nc =  
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where tr,l and tr,f are the retention times of the last and first peaks eluted in the 2D 
map, and wavg is the average 4σ peak width of five selected peaks in the 2D map, 
covering the entire separation window in the 2D space. The value of 43 was 












tg is the second-dimension gradient time, without the re-equilibration 
time (which is 6 and 9 s for the 45 and 60 s modulation times, respectively), and 
wavg is the average 4𝜎 peak width of the second dimension separation of the same 
five selected peaks used for previous calculation. The peak capacity of the two 
dimensional system can be calculated by multiplying the individual peak capacities 
obtained for the two dimensions, according to equation (7): 
 
nc2D = nc1 × nc2 
 (7) 
As reported in previous studies 
[36]
, this equation largely over-estimates the 
practical peak capacity and should be corrected taking into account both the 
undersampling effect and the orthogonality of the system. For the estimation of the 
undersampling effect, the equation (7) can be corrected with (8): 
 
n’c 2D =  
 𝑛𝑐





where β is the correction factor described in (9): 
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tc is second dimension cycle time (which is equal to the 2D gradient time, 
plus the 2D re-equilibration time), and w average first dimension peak width. 2D 
separations rarely are fully orthogonal, due to the correlations between the solute 
retention in the two dimension, and hence this effect reduces the available 2D 
space. As observed by Liu et al. 
[37]
, for a given spreading angle  𝛽 , the effective 
available 2D area, or the practical peak capacity, can be described as (10): 
 
Np = Nt − (A + C) 
(10) 
In which A and C are the unavailable 2D space described by the correlation angles 




Practical 2D𝑛𝑐 = 𝑛𝑐1 × 𝑛𝑐2 −
1
2
   𝑛𝑐2
2 tan 𝛾 + 𝑛𝑐1
1  tan(α)  
(11) 
In which the theoretical “product rule” nc1 × nc2 has been already corrected for the 
undersampling. The values reported in Table 4.1. are already corrected considering 
both undersampling and orthogonality. Firstly, as can be appreciated from 2D 
plots, decreasing the modulation time from 60 s (Figures 4.14. and 4.15.) to 45 s 
(Figures 4.16. and 4.17.) resulted in an improved separation, and hence higher peak 
capacity values. This is due to a major sampling and thus a better fractionation of 
the first dimension, being transferred 105 fractions (45 s modulation time) with 
respect to 70 (60 s modulation time) 
[38]
. With modulation time of 60 s, the fully 
porous monodisperse column performed slightly better (nc: 71) than the core-shell 
column (nc: 62). Decreasing the sampling time to 45 s, the reverse situation occurs; 
in fact very thin peaks (4σ avg 0.52 s vs 0.74 s) were obtained with the Kinetex
TM
 
and an increase (+24%) of peak capacity (from 1545 to 2056) was observed in 
practical 2Dnc. 
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One of the possible explanation is the lower loading capacity of the core-shell 
stationary phase, that is more suitable for very fast (less than 60 s) analysis, and 
thus small injected volumes, in order to avoid overloading effects and severe peak 
broadening, this observation is in good accordance with a recent study 
[12]
. From 
the y axis of the 2D maps (Figures 4.16. and 4.17.), representing the 2D retention 
time, the different behavior in retention of the two columns can be appreciated, 
especially for first eluting peptides, in the upper left part of the 2D map, with the 
Titan
TM 
column being more retentive for the smaller and more polar peptides 
(Figure 4.18.A.) with respect to the Kinetex
TM
 (Figure 4.18.), as mentioned above. 
The choice of a different pH in the two dimension as well as a continuous shifting 
gradient in 2D ensured a good employment of the 2D separation space, and a 
satisfactory selectivity. Results for the two set-ups are summarized in Table 4.1., as 
can be appreciated, both the Titan
TM
 and the Kinetex
TM
 columns allow to obtain 
high peak capacity values, which is interesting and show how the Titan
TM
 column 
possesses excellent kinetic and thermodynamic properties. The Kinetex
TM
 column, 
with a modulation time of 45 s provided the highest value of peak capacity (2Dnc: 
2056). This value is significantly higher with respect to a high efficiency 
monodimensional separation (nc: 454-490) carried out with both fully porous 
monodisperse and core shell packed columns coupled in series (Figure 4.19.), with 
the same analysis time (90 min). Analyses of the peptides on the LC × UHPLC 
platform were run in triplicate, to assess the repeatability of the system, CV % 
values of 0.3 and 0.4% for retention time and peak area, respectively were obtained 
by using as control five selected peaks regularly distributed in gradient window.  
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 150 × 1.0 mm, 5 μm, flow rate 20 μL/min; column 




 C18 50 × 3.0 mm, 1.9 μm.; flow 
rate 2.5 mL/min. Modulation time 60 sec; column oven: 60 °C. 
 
 





 150 × 1.0 mm, 5 μm; flow rate 20 μL/min; column 




 C18 50 × 3.0 mm, 1.7 μm; flow 
rate 2.5 mL/min. Modulation time 60 sec; column oven: 60 °C. 
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Figure 4.16. 2D LC × UHPLC plot of peptides < 3,000 Da fraction after four week from 
expiration date. 1D column Discovery® 150 × 1.0 mm, 5 μm, flow rate 20 μL/min; column 
oven: 25 °C, injection volume 2 μL. 2D column Titan
TM 
C18 50 × 3.0 mm, 1.9 μm; flow 
rate 2.5 mL/min. 2D Modulation time 45 s; column oven: 60 °C. 
 
 
Figure 4.17. 2D LC × UHPLC plot of peptides < 3,000 Da fraction after four week from 
expiration date. 1D column Discovery® 150 × 1.0 mm, μm; flow rate 20 μL/min; column 
oven: 25 °C; injection volume 2 μL. 2D column Kinetex
TM 
C18 50 × 3.0 mm, 1.7 μm; flow 
rate 2.5 mL/min. Modulation time 45 s; column oven: 60 °C. 
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Figure 4.18. Three dimensional projection of 2D LC × UHPLC plot of peptides < 3,000 
Da fraction obtained using in second dimension a (A) Titan
TM 
C18 and (B) Kinetex
TM 
C18 
columns, respectively, with a modulation time of 45 s. The LC × LC data were visualized 
and elaborated in three dimensions using Chromsquare® ver. 1.5.01 software. 
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Figure 4.19. Chromatograms of high efficiency monodimensional comparative analysis of 
the peptides belonging to < 3,000 Da fraction. Titan
TM
 C18 2 × 100 × 2.1 mm, 1.9 μm, nc: 
454 (A); Kinetex
TM
 C18 100 + 50 × 2.1 mm, 1.7 μm, nc: 490 (B).  
 
Those results are very promising, since a high peak capacity is essential to ensure 
protein sequence coverage and peptide identification 
[39]
. Clearly, in peptide 
mapping tandem MS (MS/MS) is mandatory, a next step of this study is to 
optimize an MS/MS method capable of obtain good spectra also for the very thin 
peaks (less than 1 s) of the LC × UHPLC system employed, this is currently under 
evaluation with two different mass analyzers, an IT-TOF and a high speed triple 
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4.3.3. Identification of peptides by 1D high efficiency monodimensional-MS 
analysis 
Total ion chromatograms of < 3,000 Da peptides extracted from semi-skimmed 




Figure 4.20. Total ion chromatograms of high efficiency monodimensional comparative 
analysis of the peptides < 3,000 Da fraction. Columns top: Titan
TM
 C18 2 × 100 × 2.1 mm, 
1.9 μm; bottom: Kinetex
TM
 C18 100 + 50 × 2.1 mm, 1.7 μm.  
 
The criteria used for peptide identification were mass accuracy of precursors versus 
the score of confidence calculated by the software, accurate MS/MS fragments (b 
and y) obtained with collision induced dissociation (CID) were used for peptide 
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Table 4.2. Sequence and masses of identified milk peptides after four week from expiration 
date by 1D-LC-ESI-IT-TOF. 
 
Peptide -10lgP Mass Error (ppm) m/z z Rt Protein 
 
L.YQEPVLGPVRGPFPIIV 
32.69 1780.9875 -1.9 891.4994 2 74.26 
P02666|CASβ_BOVIN 
L.YQEPVLGPVRGPFPII.V 31.79 1590.9246 3.7 796.4725 2 51.31 P02666|CASβ_BOVIN 
K.VLPVPQKAVPYPQR.D 29.86 1434.8235 -1.6 718.4178 2 53.66 P02666|CASβ_BOVIN 
K.VLPVPQKAVPYPQ.R 29.07 1450.7893 -2.3 726.4003 2 74.42 P02666|CASβ_BOVIN 
T.PVVVPPFLQPEVM.G 27.70 1667.9034 -0.8 834.9583 2 72.32 P02666|CASβ_BOVIN 
L.YQEPVLGPVRGPFPI.I 27.40 1299.6863 -0.7 650.8500 2 69.90 P02666|CASβ_BOVIN 
L.VYPFPGPIPNSL.P 26.03 1507.8108 1.2 754.9136 2 74.06 P02666|CASβ_BOVIN 
T.PVVVPPFLQPEVMG.V 23.00 1471.8398 -1.6 736.9260 2 73.35 P02666|CASβ_BOVIN 
D.VENLHLPLPLLQS.W 22.33 1129.6859 -1.3 565.8495 2 73.11 P02666|CASβ_BOVIN 
N.LHLPLPLLQS.W 21.56 1412.7704 -1.3 707.3915 2 73.30 P02666|CASβ_BOVIN 
S.LVYPFPGPIPNSL.P 21.32 1446.7242 -2.7 724.3674 2 61.29 P02666|CASβ_BOVIN 
Y.PVEPFTESQSLTL.T 20.63 1186.6022 -12.1 594.3012 2 58.31 P02666|CASβ_BOVIN 
L.VYPFPGPIPNS.L 18.75 1091.6378 1.1 546.8268 2 71.32 P02666|CASβ_BOVIN 
T.PVVVPPFLQP.E 18.55 1484.7445 4.1 743.3826 2 50.76 P02666|CASβ_BOVIN 
K.AVPYPQRDMPIQA.F 18.36 1027.5087 0.9 514.7621 2 35.17 P02666|CASβ_BOVIN 
K.IHPFAQTQS.L 17.88 1472.8239 -2.8 737.4172 2 75.04 P02666|CASβ_BOVIN 
L.TDVENLHLPLPLL.Q 17.75 1140.5928 5.4 571.3068 2 48.03 P02666|CASβ_BOVIN 
K.IHPFAQTQSL.V 17.67 1299.6863 -9.9 650.8440 2 65.11 P02666|CASβ_BOVIN 
S.LVYPFPGPIPNS.L 17.22 1687.9144 0.9 844.9652 2 73.61 P02666|CASβ_BOVIN 
L.TDVENLHLPLPLLQS.W 16.93 1382.7921 -55.0 692.3653 2 58.92 P02666|CASβ_BOVIN 
F.LLYQEPVLGPVR.G 16.73 1156.6240 -0.8 579.3188 2 46.51 P02666|CASβ_BOVIN 
L.YQEPVLGPVR.G 16.70 1269.7081 3.6 635.8636 2 51.53 P02666|CASβ_BOVIN 
L.LYQEPVLGPVR.G 15.83 1378.7721 -4.3 690.3904 2 39.12 P02666|CASβ_BOVIN 
L.PVPQKAVPYPQR.D 15.51 753.4425 4.0 754.4528 1 60.92 P02666|CASβ_BOVIN 
T.PVVVPPF.L 15.03 664.4523 -6.9 665.4550 1 72.57 P02666|CASβ_BOVIN 
H.LPLPLL.Q 14.96 1200.6179 8.2 1201.6350 1 66.94 P02666|CASβ_BOVIN 
V.YPFPGPIPNSL.P 14.89 645.3156 -4.3 646.3201 1 19.34 P02666|CASβ_BOVIN 
K.EAMAPK.H 14.82 878.4360 4.8 440.2274 2 52.03 P02666|CASβ_BOVIN 
E.MPFPKYP.V 14.72 619.3363 -0.5 620.3433 1 25.18 P02666|CASβ_BOVIN 
E.VMGVSK.V 13.82 734.4003 2.9 735.4097 1 59.94 P02666|CASβ_BOVIN 
S.LVYPFP.G 13.13 529.2900 -4.2 530.2950 1 51.54 P02666|CASβ_BOVIN 
R.GPFPI.I 12.30 688.4272 -2.2 689.4329 1 61.10 P02666|CASβ_BOVIN 
N.LHLPLP.L 12.25 1705.9514 -1.4 853.9818 2 51.14 P02666|CASβ_BOVIN 
R.FFVAPFPEVFGKEK.V 22.24 1640.8602 2.2 821.4392 2 72.71 P02662|CASα1_BOVIN 
D.VPSERYLGY.L 19.05 1082.5397 10.1 542.2826 2 43.87 P02662|CASα1_BOVIN 
F.FVAPFPEVFGKEK.V 18.04 1493.7917 -3.0 747.9009 2 65.96 P02662|CASα1_BOVIN 
F.SDIPNPIGSENSEK.T 16.84 1485.6947 -1.5 743.8535 2 42.08 P02662|CASα1_BOVIN 
A.RPKHPIK.H 16.04 874.5500 -1.6 438.2816 2 20.92 P02662|CASα1_BOVIN 
S.FSDIPNPIGSENSEK.T 14.36 1632.7631 -4.8 817.3849 2 49.72 P02662|CASα1_BOVIN 
F.FVAPFPEV.F 13.08 904.4694 5.0 905.4812 1 64.57 P02662|CASα1_BOVIN 
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Peptide sequences corresponding to the β-Casomorphins have been identified by 
1D-LC-ESI-IT-TOF analysis. 𝛽-CMs are a group of exogenous opioid-like 
peptides derived from the hydrolysis of 𝛽-casein and were initially isolated from an 
enzymatic casein digest 
[40]
. These results confirm that 𝛽-casein is the main protein 
undergoing to proteolytic degradation in samples of semi-skimmed milk stored at 
room temperature four weeks after expiration date. 
𝛽-Casomorphins may be also produced by the enzymatic action of different 
proteases released from tumor cells 
[41-43]
. Indeed, Hatzoglou et al. 
[44]
 have shown 
that five different casomorphins, 𝛼-casein fragments 90–95 and 90–96 [45], 𝛽-
Casomorphins 7 fragment 60–66, 𝛽-Casomorphins 5 fragment 60–64, and the 
morphiceptin, the amide of 𝛽-Casomorphins 4, have an antiproliferative action on 
T47D cells, blocking cells in G0/G1 phase. Hence, two important considerations 
can be derived: firts of all, this inhibitory effect should be reasonably due to the 
interaction between the casomorphins and opioid receptors binding sites, 
decreasing cell proliferation in a dose-dependent manner; secondly, casomorphins 
possess the minimum structural requirements to interact with opioid receptors, 
represented by the hydrophobic character of proteins, their high content of proline 
and the presence of tyrosine residues at the N-terminus 
[46]
. Also, it appears that, 
with the exception of morphiceptin whose action is mediated by type II 
somatostatin receptors, all peptides interact with to 𝛿- and 𝜅-opioid binding sites of 
T47D cells with different selectivity. It is interesting to note that all casomorphins 
K.HQGLPQE.V 12.32 807.3875 1.3 808.3959 1 27.06 P02662|CASα1_BOVIN 
F.FVAPFPEVFGK.E 12.24 1236.6542 0.6 619.3347 2 69.46 P02662|CASα1_BOVIN 
L.SRYPSYGLNY.Y 24.82 1218.5669 0.9 610.2913 2 46.30 P02668|CASk_BOVIN 
A.VRSPAQILQWQVL.S 16.72 1536.8776 -1.1 769.4452 2 72.42 P02668|CASk_BOVIN 
F.LPYPYYAK.P 16.03 1013.5222 -2.7 507.7670 2 45.01 P02668|CASk_BOVIN 
E.SPPEIN.T 13.10 655.3177 -0.6 656.3246 1 25.75 P02668|CASk_BOVIN 
Y.VLSRYPSYGLNY.Y 12.41 1430.7194 5.4 716.3708 2 52.65 P02668|CASk_BOVIN 
F.LPYPYY.A 12.26 814.3901 1.6 815.3987 1 49.40 P02668|CASk_BOVIN 
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show a significant interaction with somatostatin receptors in T47D cells, as these 
peptides may have a major physiological role in breast cancer. Furthermore, the 
interaction of casomorphins with opioid and somatostatin receptors leads to the 
inhibition of intracellular levels of cAMP. These peptides could reduce colon cells 
proliferation by interaction with specific opioid, and somatostatin receptors, present 
in the intestinal tract of mammals. These biological properties may play an 





In this contribution, an online comprehensive LC × UHPLC platform was 
developed for the analysis of peptides of the soluble fraction of milk after four 
week from the expiration date for the first time. Two set-ups were described, 
employing two different sub-2 μm columns in 2D, and their performance and 
behavior were evaluated. Despite the use of the same separation method (RP) in 
both dimension, high values of peak capacity, satisfactory selectivity as well as 
good employment of the 2D separation space were obtained, through the use of a 
different pH between the two dimensions, and, for the first time for peptide 
separation, with a continuous shifted gradient in 2D. Results are encouraging and 
the further coupling with mass spectrometry for peptide deconvolution and 
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The main objective of my PhD has been focused to the analysis and 
characterization of milk and dairy products derived from “Centrale del latte di 
Salerno” in order to assess their potential use as dietary supplements and functional 
foods. 
To fulfill these objectives, in these three years my research group developed 
innovative analytical methods for the qualitative characterization of the protein 
fraction (casein and whey proteins), contained in commercial bovine milk products 
and preserved at room temperature after expiration date. 
The chromatographic characterization of caseins is a challenging task due to the 
tendency of such molecules to form, in aqueous solution, micellar structures, 
highly stabilized by non-covalent interactions. For this reason, in order to optimize 
chromatographic resolution, we studied the effects of various solvents and 
denaturant solutions capable of altering the three-dimensional structure, for a better 
identification of the individual components. 
The best chromatographic separation was obtained by incubation of casein powder, 
for one hour at room temperature, with a denaturing solution containing 8 M urea, 
165 mM Tris-HCl, 44 mM sodium citrate and 0.3% β-mercaptoethanol. This 
method has shown excellent accuracy in terms of reproducibility and repeatability. 
The caseins were, thereafter, characterized by Cap-LC-HRMS experiments, carried 
out by employing a lab-made monolithic capillary column (Protein-Cap-RP-
Lauryl-γ-Monolithic). In comparison with the commercially available columns, the 
monolithic capillary column showed improved selectivity, efficiency and 
chromatographic resolution. The newly developed method allowed to study the 
degradation pattern of the protein fraction in milk samples. Results obtained 
highlighted the stability of αS- and κ-casein to proteolysis as well the formation of 
polypeptides (proteose-peptones) deriving from cleavage of the N-terminal and of 
the C-terminal β-CN by bovine plasmin. 
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Moreover, a different protein degradation pattern was observed in different milk 
samples (whole, semi-skimmed and skimmed milk). We hypothesized that a 
possible stabilizing role is exerted by the lipid fraction, able in inhibiting casein 
degradation in whole milk. This effect was, in fact, not evidenced in skimmed milk 
and only partially observed in semi-skimmed milk. 
Similarly, the whey protein stability in semi-skimmed milk samples has been 
studied, underlining a time-dependent degradation of β-lactoglobulin A and B, 
associated to the formation of a large number of peptides. 
Analysis of soluble peptides fraction four week after the expiry date, was 
performed by an on-line comprehensive two dimensional liquid chromatography, 
using the high performance combined with the ultra high performance conditions. 
Through the use of a differential pHs between the two dimensions and a continuous 
shifted gradient in 2D, high values of peak capacity, satisfactory selectivity as well 
as good employment of the 2D separation space were obtained. At the best of our 
knowledge this is the first time that these chromatographic conditions are applied 
for peptide separation and analysis. 
Finally, peptide sequences corresponding to the β-Casomorphins have been 
identified by 1D-LC-ESI-IT-TOF analysis. These results confirmed that 𝛽-casein is 
the protein mainly subjected to proteolytic degradation in semi-skimmed milk 
samples, stored at room temperature four weeks after expiration date. 
Peptides derived from milk proteins exerts beneficial effects on human health, as 
profusely described in literature. These biological properties may play an important 
role in the development of medical foods to treat or mitigate several diseases. 
Moreover their qualitative separation and identification could be also important for 
the development of new potent drugs having well-defined pharmacological effects. 
With the rise of consumer concerns about the deleterious effects of chemical 
preservatives and the increasing preference for natural components, the importance 
of milk-derived bioactive substances is further increased. Application of 
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enrichment protocols such as membrane processing and chromatographic isolation 
is also an area of future interest in the extraction of potent biofunctional peptides 
from milk and dairy products and their following utilization as functional food 
ingredients. Molecular studies are, anyway, required to clarify the pharmacological 
mechanisms by which the bioactive peptides exert their activities. 
 
 
 
